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Exercise in hot environments decreases the4emperature-groo,ient"fgr,.healloss to 
the external environment increasing internal heat storage. Work completed 
decreases and exertional heat illness risk increases. Heat acclimation (HA) 
programmes which last between 7 - 10 d improve heat tolerance by reducing 
rectal temperature (Tre) during exercise. Thermotolerance is also improved. These 
adaptations enable work to be maintained for longer periods of time. Exertional 
heat illness risk is also decreased. However, HA is not logistically feasible during 
rapid redeployment of military, athletic, occupational and emergency worker 
populations to hot environments. Therefore, developing an acute preconditioning 
trial to enhance heat tolerance and thermotolerance could be advantageous. 
This thesis first determined the effect of treadmill gradient (flat or downhill 
running) and environmental conditions (temperate~ 20oe, 50 % relative humidity 
(RH) or hot conditions; 30°C, 50 % RH) on heat shock protein 72 mRNA (Hsp72 
mRNA), heat shock protein 90 alpha mRNA (Hsp90a mRNA), glucose regulated 
protein 78 mRNA, glucose regulate protein 94 mRNA, exercising Tre and HR, 
Study 2 investigated whether an acute trial combining downhill running and hot 
environmental conditions (Hot downhill) elevated basal HSP72 concentrations, 
attenuated exercising Tre• HR, vastus lateralis (VL) and leukocyte Hsp72 mRNA 
and Hsp90a mRNA responses during an identical trial 7 d later. 
Downhill running and hot environmental conditions increased leukocyte Hsp72 
mRNA, leukocytel:isp90a mRNA, exercising T rc and DOMS further than flat 
running and temperate environmental conditions. Increased Hsp72 mRNA and 
Hsp90a mRNA were mainly exercising Tre and metabolic strain dependent. 
Exercising Tn; (at 30 min) and DOMS were reduced during or following the 
second hot downhill trial. Attenuated Hsp72 mRNA and Hsp90a mRNA 
responses within the VL and leukocytes also occurred. Basal VL HSP72 increased 
after the second hot downhill triaL In conclusion, an acute hot downhill trial 
decreases exercising Tn: and DOMS during an identical trial 7 d later but basal 
HSP72 concentrations are not affected. Leukocyte Hsp72 mRNA and Hsp90a 
mRNA are valid surrogates of the VL response. 
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Chapter 1 General Introduction 
1.1 General introduction 
Metabolic demands are elevated during exercise to sustain the increased muscular 
activity elevating heat production (Gonzalez-Alonso 2012). During steady state 
exercise in temperate environments small core temperature increases occur (~ 1 
DC) because heat produced is primarily dissipated to the environment with only a 
small amount of heat stored (Nybo and Nielsen 2001). However, the temperature 
gradient between the core, skin and the environment for heat dissipation decreases 
during both running and cycling in hot environments increasing heat storage and 
thus core temperature increases (2 - 3°C) (Nybo and Nielsen 2001; Wendt et al. 
2007; Ruell et al. 2014). Dehydration can also occur via an increased sweat rate 
(Wendt et al. 2007). Elevated body temperature (and associated dehydration) 
attenuates work capacity via reductions in physical performance (Cheuvront et al. 
2010; Sawka et al. 2012) leading to early fatigue and termination of activity 
(Galloway and Maughan 1997; Ely et al. 2010). Occupational performance also 
deteriorates (Taylor 2014). The increased cardiovascular strain induced via 
elevated body temperatures and dehydration also increases the risk of exertional 
heat illnesses (Leon and Kenefick 2012). These illnesses range from heat 
exhaustion which causes tennination of exercise and occupational activities, to 
heat injuries and heat stroke in which multi-organ failure and/or death can occur 
(Sawka et al. 2011). Consequently, strategies to reduce body temperature during 
exercise heat stress/ occupational activities are important to maintain work 
capacity and attenuate exertional heat illness risk. 
Heat acclimation programmes increase heat storage capacity (decreased exercise/ 
work core temperature) and increase the ability for heat dissipation (via increased 
plasma volume, skin blood flow and sweat rate) reducing body temperature and 
cardiovascular strain during exercise heat stress and occupational activities 
(Taylor 2006). These adaptations enhance exercise performance and increase the 
duration and intensity of exercise that can be maintained prior to fatigue or 
exertional heat illnesses which are core temperature dependent (Lee et al. 2006). 
However, athletes, military personnel and occupational workers often need to 
rapidly relocate to hot environments. In these situations there is not enough time 
to heat acclimate. To overcome this problem acute interventions which attenuate 
exercising core temperature have been utilised. Internal pre cooling (Siegel et a1. 
20 I 0) and acetaminophen ingestion (Mauger et a1. 2014) increase the exercising 
Tre that can be tolerated prior to fatigue and thus could increase exertional heat 
illness risk. External pre cooling lacks ecological validity (Siegel and Laursen 
2012) while the ergogenic effect of glycerol hyperhydration is equivocal (Nelson 
and Robergs 2007). These issues preclude the effective and safe use of these 
interventions. Therefore, developing an acute preconditioning strategy to reduce 
exercising Tre via an exercise based intervention is warranted. 
Heat acclimation also elevates basal HSP72 concentrations (McClung et al. 2008) 
which enhances therrnotolerance by increasing cell survival following thermal 
stressors in vitro (Mosser et a1. 1997) and prolonging whole body survival time 
following heat stroke within in vivo rodent models (Yang et al. 1998). Elevated 
HSP72 concentrations have been demonstrated following exercise (in leukocytes 
(Shin et a1. 2004) and skeletal muscle (Morton et al. 2006», exercise induced 
muscle damage (EIMD) (skeletal muscle (Paulsen et al. 2007» and exercise heat 
stress (leukocytes (Fehrenbach et al. 2001». However, methodological differences 
between these studies ensure it is unclear which stressor maximally elevates 
HSP72. Other HSPs such as heat shock protein 900. mRNA (Hsp90a. mRNA) 
glucose regulated protein 78 mRNA (Grp78 mRNA) and glucose regulated 
protein 94 mRNA (Grp94 mRNA) could have important roles as biomarkers of 
thermotolerance. However, knowledge of the response of these HSPs within 
humans is limited or has not been investigated (Noble et al. 2008). 
Hence in chapter 2 (literature review) the thermoregulatory and molecular 
adaptations which enhance heat tolerance and thermotolerance will be discussed 
to determine a potential exercise based acute preconditioning intervention which 
could attenuate exercising rectal temperature (Trc) and elevate basal HSP72. 
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Evidence regarding the role of the HSP system as biomarkers of thermotolerance 
will also be discussed. 
Chapter 2 Literature Review 
2.1 Thermoregulation during exercise in hot environments 
Heat is produced within cells via conversion of metabolic energy into mechanical 
and thermal energy (30 - 70 % of metabolic energy dissipated as thermal energy) 
(Gonzalez-Alonso 2012). Therefore, constant heat dissipation is required to 
maintain thermal homeostasis (Cheung et at. 2000). Heat production by 
contracting muscle increases rapidly at the commencement of exercise (Gonzalez­
Alonso 2012). To promote heat loss and restore heat balance the heat dissipating 
responses of sweating and increased skin blood flow are elicited as core and skin 
temperatures increase (Nybo et al. 2014). In hot environments skin temperature is 
elevated proportionally to ambient temperature (Nybo et al. 2014) reducing the 
gradient between the core, the periphery and body and the environment (Cheung 
et aL 2000). Hence when metabolic heat production exceeds the capacity for heat 
loss (when exercise intensity or environmental temperature and humidity are high) 
core temperature increases in an uncompensable manner. This increased 
thermoregulatory burden increases perceived fatigue. Aerobic exercise 
performance in hot compared to temperate environments is also decreased (Nybo 
et aI. 2014) as evidenced by exhaustion occurring earlier (Nybo and Nielsen 2001) 
and time trial perionnance during endurance cycling decreasing (Tatterson 2000). 
Skin blood flow requirements increase as the core to skin temperature gradient 
reduces (Cheuvront et a1. 2010). This displacement of blood to the periphery 
increases cardiovascular strain via reductions in cardiac filling and cardiac output 
reducing maximal aerobic capacity (VOzmax) (Cheuvront et al. 2010). High core 
temperature also reduces cardiac filling via tachycardia when sympathetic activity 
is high or by direct temperature effects on heart rate (Cheuvront et al. 2010). The 
V02rnax reduction increases relative exercise intensity making it more difficult to 
maintain the same work capacity during constant rate exercise (Ely et a1. 2010). 
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This results in earlier fatigue during time to exhaustion protocols (Galloway and 
Maughan 1997) or requires a slowing of self paced exercise (time trial) to achieve 
a similar sensation of effort (Tatterson 2000). 
Increased core temperature, cardiovascular strain, ventilation rate and peripheral 
afferent feedback also appear to induce central fatigue via a reduction in motor 
activation (N ybo et al. 2014). This appears to occur via reductions in cerebral 
blood flow caused by a hyperventilation mediated reduction in PaC02 and 
increased cardiovascular strain decreasing oxygen tension in astrocytes and 
neurons (Nybo et al. 2014). Increased brain temperature (indirectly measured via 
jugular venous blood temperature) also appears to directly induce reflex signals 
from hypothalamus which are associated with increased perceived exertion and 
slowing of exercise pace (Nybo and Secher 2004). This inhibitory effect was 
verified via exercise induced core temperature increases which attenuated 
integrated electromyography signal and force output during sustained maximal 
voluntary contractions (Nybo and Nielsen 2001). While force production was 
progressively inhibited as core temperature increased to 40°C before being 
restored as participants core temperature were reduced to 38 °C (Thomas et al. 
2006). During dynamic exercise in hot environments these responses appear to be 
manifested via a decreased neural drive which reduces power output as core 
temperature increases (Tucker et al. 2004). Changes in dopaminergic 
neurotransmitter activity could explain these performance decrements as 
inhibition of dopamine reuptake enhances exercise performance and increases 
exercising Trc at fatigue (Roelands et aL 2008). Although anaerobic metabolism is 
increased during endurance exercise within hot compared to temperate 
environmental conditions during cycling (Febbraio et al. 1994) it does not appear 
to be a factor contributing to fatigue, at least within steady state endurance cycling 
exercise (Gonzalez-Alonso et al. 1999) or during occupational work (Brake and 
Bates 2001). 
In hot environments maximal intensity exercise is primarily limited by 
cardiovascular limitations to maintain oxygen delivery to active skeletal muscle 
whilst maintaining adequate heat dissipation (Nybo et al. 2014). During 
4 
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submaximal exercise central fatigue mediated by dopaminergic neurotransmitter 
activity (Meeusen and Roelands 2010) and elevated core, skin and muscle 
temperatures limits performance. Therefore, reducing exercising Tre, skin 
temperature and HR during subsequent exercise heat stress is a requirement of an 
acute preconditioning intervention to enhance performance in hot environments. 
2.2 Exertional heat illnesses 
Exercise heat stress predisposes participants to exertional heat illnesses (Leon and 
Kenefick 2012). Mild to moderate illnesses such as heat exhaustion and heat 
cramps are characterised by an inability to sustain cardiac output with a moderate 
(above 38.5 °C) to high (above 40°C) body temperature, frequently accompanied 
by hot skin and dehydration (Sawka et al. 2011). Heat injury is a moderate to 
severe illness characterised by organ (such as liver and renal) and tissue (such as 
gut & muscle) injury associated with elevated body temperature (usually but not 
always above 40°C) (Sawka et al. 2011). Exertional heat stroke is a severe illness 
characterised by profound central nervous system dysfunction, organ (liver and 
renal) and tissue (gut and muscle) injury from increased body temperature (Sawka 
et al. 2011). 
A classical heat driven pathway and an immune pathway contribute to the 
pathological changes present during exercise heat stress induced heat injury and 
heat stroke (Sawka et al. 2011). The classical pathway occurs when exercise heat 
stress increases skeletal muscle and skin blood flow requirements to sustain 
metabolic demand, transfer heat to the periphery and to allow heat dissipation to 
the environment, elevating cardiovascular strain (Epstein and Roberts 2011). An 
increased cardiac output initially achieves these increased blood flow demands 
(Epstein and Roberts 2011). However, when heat stress transitions beyond this 
compensable phase central venous pressure decreases inducing hypotension 
(Epstein and Roberts 2011). The ability to transfer heat decreases (Epstein and 
Roberts 2011) as reductions in skin blood flow occur elevating the rate of heat 
storage and resulting in cells becoming heated above 40 °C. Elevated body 
temperature and hypotension result in an acute neurological phase where 
5 

;: 
decreases in cerebral blood flow and elevated brain temperature can result in 
collapse and central nervous system dysfunction (Epstein et al. 2012). Heat 
induced damage to cells also occurs via increased protein denaturation and 
apoptosis (Epstein et al. 2012). Underlying illness (Sawka et al. 2011) and a 
muscle defect which predisposes to elevated heat production (Rae et al. 2008) also 
appear to have a role in exertional heat illness pathophysiology. 
The immune pathway involves granulocytes (neutrophils, basophils and 
eosinophils) and peripheral blood mononuclear cells (monocytes, macrophages 
and lymphocytes). Beta-adrenergic and lipopolysaccharide (LPS) mediated 
activation of cytokine production within immune cells increases following 
exercise heat stress (Rhind et al. 2004; Selkirk et al. 2008). Concurrently, the 
elevated cardiovascular strain reduces gastrointestinal blood flow inducing 
gastrointestinal hypoxia the opening of gastrointestinal tight junctions and LPS 
leakage into the portal circulation where it is neutralised by the liver, monocytes 
and macrophages (reticuloendothelial system) (Lim et al. 2007). If the 
reticuloendothelial system and anti LPS antibodies defences are overwhelmed 
LPS concentrations will increase within the systemic circulation (Walsh and 
Oliver 2013) where it binds to its receptor complex toll like receptor 4 on 
neutrophils (Asehnoune et al. 2004) and monocytes (Selkirk et al. 2008) 
activating pathways which induce cytokines including interleukin-l ~ (IL-l ~), 
interleukin-6 (IL-6) and tumor necrosis factor-a.. 
A haemorrhage and enzymatic phase begins 24 - 36 hours after the acute 
neurological phase (Epstein et al. 2012) and is triggered by heat induced damage 
to the vasculature and skeletal muscle. Vascular endothelium damage leads to 
tissue factor release and blood trauma (Sawka et al. 2011). Tissue factor 
expression is also elevated by LPS and cytokine mediated pathways on monocytes 
and vascular endothelial cells (Sawka et at 2011). Elevated tissue factor 
expression and blood trauma causes fibrin deposition, platelet aggregation 
(microvascular thrombosis) and blood vessel occlusion decreasing organ blood 
supply (Leon and Kenetick 2012). Rapid consumption of platelets exceeding the 
rate of production (consumptive coagulation) by this process results in excess 
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blood loss leading to conjunctival, skin, pulmonary and central nervous system 
haemorrhages (Sawka et al. 2011). This leads to organ failure and severe 
neurological impainnent within the central nervous system (Sawka et al. 2011). 
Heat induced damage to skeletal muscle occurs due to increased muscle metabolic 
heat production decreasing A TP concentrations, which impairs Ca2+ pump 
function on the sarcoplasmic reticulum (Sawka et al. 2011). These elevated 
intracellular Ca2+ concentrations, activate Ca2+ dependent proteases and 
phospholipases leading to destruction of myofibrillar, cytoskeletal and membrane 
proteins (Bosch et al. 2009) and eventually apoptosis (Sawka et al. 2011). The 
resultant leakage of muscle cell contents into the systemic circulation and 
extracellular fluid is known as rhabdomyolysis (Sawka et al. 2011). Myoglobin 
released from damaged muscle cells is filtered and metabolised by kidneys 
(Sawka et al. 2011). However, when myoglobin concentrations exceed a renal 
threshold, uric acid overproduction leads to precipitates fonning in kidney tubules 
(Sawka et al. 2011). Myoglobin also directly causes oxidative stress mediated 
damage to the kidney tubules and ischemia induced damage via renal 
vasoconstriction (Bosch et al. 2009). These toxic effects have a role in the late 
phase disturbances which lead to acute renal failure which can result in death 
(Epstein et al. 2012). Liver damage also occurs in this late phase (24 - 48 hrs after 
heat stroke) as a consequence of direct heat damage (hepatic venous blood is 1.5 
°C above core temperature) and attenuated liver perfusion induced by the 
increased cardiovascular strain (Sawka et al. 20 II). 
Skeletal muscle therefore, has a clear contribution to the pathophysiology of heat 
injury and heat stroke via rhabdomyolysis (Sawka et al. 2011) and cytokine 
production (Welc et al. 2013) which appear to have a roles in acute renal failure 
and systemic coagulation respectively. Meanwhile leukocytes appear to contribute 
via B-adrenergic and LPS (Selkirk et al. 2008) mediated cytokine production. Heat 
shock proteins attenuate protein denaturation (Kampinga et al. 1995), apoptosis 
(Arya et al. 2007) and maintain skeletal muscle Ca2+ homeostasis (Tupling et al. 
2008), factors associated with rhabdomyo[ysis. Cytokine production is also 
attenuated in vitro within human monocytes during LPS stimulation when HSP70 
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is overexpressed (Ding et at. 2001). Therefore, it could be useful to measure the 
Hsp mRNA and protein response within both tissues. 
However, evidence for the involvement of the immune response and in particular 
endotoxemia within heat stroke is contradictory. Rodent based models appear to 
suggest important roles for cytokinemia with injection of cytokines inducing 
symptoms of heat stroke (Lin 1997) and experimentally induced inflammation 
attenuating heat stroke survival (Lim et al. 2007). Further, heat stressed animals 
infused with IL-J receptor antagonists showed enhanced survival (Chiu et al. 
\996). These rodent models used passive heating and anaesthesia which effects 
thermoregulatory control and increases cytokine production (Leon 2007). These 
factors along with differences in rodent physiology (compared to humans) 
(Randall et al. 2002) unsurprisingly make transfer of these findings to human 
models limited, with little evidence correlating LPS or cytokines changes to 
exertional heat stroke cases (Bouchama et al. 1991). Limited experimental 
controls, delayed admittance to hospital for blood sampling, short protein half­
lifes. local tissue concentrations exceeding systemic concentrations and the 
presence of soluble cytokine receptors which mask detection or alter cytokine 
action within human clinical studies also contribute (Leon and Kenefick 2012). 
Further, contradictory evidence suggests IL-6 neutralisation has no effect on heat 
stroke incidence (Leon 2007). Indeed heat stroke mediated cytokinaemia may be 
involved within the recovery process (Leon 2006). For example, IL-6 enhances 
the survival of human cells following in vitro heat shock (Hershkoet al. 2003) 
potentially by attenuating protein synthesis (Haddad et al. 2005) and activating 
ubiquitin mediated proteolysis (Bodell et al. 2009) preventing apoptosis induced 
by the accumulation of degraded proteins (Pan et al. 2011). 
The equivocal data regarding cytokinemia within the pathophysiology of 
exertional heat illnesses therefore, suggests HSP72 mediated thermotolerance is of 
most relevance \\'ithin skeletal muscle. The proposed contribution of leukocytes is 
mainly via c)tokine production whose role within exertional heat illness is yet to 
be confirmed experimentally Vv·ithin humans. Therefore, the leukocyte Hsp mRNA 
response will be investigated in the thesis to ascertain whether it is an easily 
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accessible surrogate measure for changes within skeletal muscle where 
thermotolerance is more valid. 
Classical pathway Immune pathway 
" Exertion_I heat stroke i' '-----.;.:.;...------.... 
Figure 2.1 Classical and immune pathways of exertional heat stroke. Adapted from (Walsh et al. 
2011). 1 (decrease), l' (increase), > (above), 19 (Immunoglobulins), IL-l p (Interleukin-l P), IL-6 
(lnterleukin-6), LPS (Iipopolysaccarides), RES (reticuloendothelial system). TLR-4 (Toll like 
receptor-4), TNF-C( (Tumor necrosis factor - alpha). 
The key heat induced cellular changes which lead to exertional heat illnesses are 
increased protein denaturation and apoptosis (Sawka et al. 2011). During exercise 
heat stress, protein denaturation (Mestre-Alfaro et al. 2012) and apoptosis (Selkirk 
et al. 2009) appear to be exercising Tre dependent. Elevated HSP72 concentrations 
attenuate protein denaturation (Kampinga et al. 1995) and apoptosis (Mosser et al. 
1997) within human cells during in vitro heat shock. Indeed within rodent heat 
stroke models both T re reductions (Lee et aI. 2006) and elevated basal HSP72 
(Yang et al. 1998) concentrations attenuate exertional heat illness severity. These 
studies suggest that attenuating exercising Tre along with elevated basal HSP72 
would reduce exertional heat illness risk. Potentia! strategies to accomplish these 
aims within an acute experimental trial will be discussed within sections 2.3 - 2.5. 
2.3 Thermoregulatory adaptations 
2.31 Heat acclimation 
Heat acclimation programmes are undertaken to improve exercise and 
occupational performance and reduce exertional heat illness risk in hot 
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environments (Sawka et a!. 2011). Programmes involve exercising at the same 
absolute intensity (constant work rate) or exercise maintained at a set core 
temperature (controlled hyperthermia) for 3 - 5 d (short term) or 6 - 10 d (long 
term) heat acclimation (Taylor 2000). Programmes lower exercising Tre and HR 
during steady state exercise completed at the same absolute intensity within the 
same environmental conditions (Castle et a1. 2011). This reduction in 
physiological strain occurs via an increased sweat rate (enhanced evaporative heat 
loss) caused by an increased sweat gland size and increased sensitivity of 
muscarnic receptors to acetylcholine release from post ganglionic neurons (Taylor 
2014). Plasma volume expansion also occurs (Patterson et a1. 2014) inducing 
earlier skin blood flow increases improving heat dissipation via evaporative and 
non evaporative means (Taylor 2014). Resting core temperature reductions 
expand heat storage capacity although this adaptation does not occur during short 
term heat acclimation (STHA) (Garrett et al. 2009; Garrett et al. 2011). The 
reduced thermoregulatory and cardiovascular strain via enhanced heat dissipation 
and increased heat storage capacity induces Tre reductions of 0.2 °C - 0.4 °C and 
exercising HR of 9 - 18 beats.min·! during STHA which begin to occur within 3 d 
(Marshall et a!. 2007; Garrett et al. 2009; Castle et a1. 2011). Exercising Tre 
reductions of 0.4 °C - 0.6 °C and HR reductions of 8 - 25 beat.min-! occur during 
long term heat acclimation (LTHA) (Febbraio et a!. 1994; Lorenzo et al. 2010; 
Castle et al. 2011). 
These adaptations enhance work capacity with time to exhaustion increased 
following STHA (Garrett et a1. 2009), suggesting an increased exercise or work 
duration and intensity can be maintained prior to fatigue and exertional heat 
illnesses occurring. Exercise performance is also enhanced with decreased time 
trial completion time following STHA (Garrett et a1. 2012) and LTHA (Lorenzo 
et al. 2010) with a recent study demonstrating that cycling time trial performance 
was restored close to performances seen within temperate conditions (Racinais et 
aL2014). 
The reduced exercising Tre during exercise at a set absolute exercise intensity 
could reduce exertional heat illness risk as observed within rodent models (Lee et 
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a!. 2006). This is yet to be experimentally verified within controlled human 
studies because it is unethical to induce exertional heat illnesses in humans. 
However, human studies conducted within field settings suggest that exertional 
heat illness symptoms appear more predominant when participants have higher 
exercising core temperatures (Ruell et al. 2006; Ruell et a1. 2007). Caution should 
be taken when interpreting the results of these field studies due to the limited 
experimental controls that can be implemented. 
Therefore, lowering exercising Trc could attenuate exertional heat illness risk. 
Unfortunately, exercising Trc reductions appear to require at least 3 d to occur 
(Marshall et al. 2007; Costa et a1. 2014) when repeated trials of exercise heat 
stress are used to induce heat acclimation. Hence acute interventions have been 
utilised to reduce thermal strain when athletes, military and occupational 
personnel do not have time to heat acclimate. 
2.32 Existing acute interventions to reduce thermal strain 
Glycerol hyperhydration 
Glycerol ingestion has been utilised to elevate the extravascular - intravascular 
osmotic gradient and increase the kidney medullary concentration gradient to 
increase water reabsorption, total body water and increase plasma volume (Nelson 
and Robergs 2007). This plasma volume expansion is suggested to reduce 
cardiovascular strain (Lyons et al. 1990; Anderson et al. 2001) enabling heat 
dissipation to be maintained via an increased cutaneous blood flow (Anderson et 
a1. 2001) and sweat rate (Lyons et a1. 1990) attenuating exercising Tre increases 
and increasing w'ork completed. These attenuated Tre and HR increases occurred 
with continued hydration during exercise and thus it is unclear whether pre 
exercise glycerol hyperhydration per se attenuated thermal strain. These findings 
have been contradicted by a number of other studies (Montner et al. 1996; 
Hitchins et a1. 1999) which utilised time trial protocols and therefore, 
unsurprisingly found no reduction in Tre or HR and thus do not aid the argument 
for or against the thermoregulatory benefits ofglycerol hyperhydration. Although, 
work capacity (Hitchins et al. 1999) and exercise time trial performance are also 
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improved (Montner et al. 1996). The short term effect of glycerol on 
hyperhydration (lasts 4 hrs) (Riedesel et al. 1987), and potential side effects which 
include nausea, sensation of stomach fullness, light headedness, headaches and 
vomiting (Nelson and Robergs 2007) preclude the use of glycerol hyperhydration 
for lowering exercising Tre in applied settings. 
External pre cooling 
External pre cooling technique such as cold water immersion have been utilised to 
lower pre exercise Tre and reduce exercising skin temperature expanding heat 
storage capacity (Booth et al. 1997). This pre cooling effect has been 
demonstrated to enhance exercise performance following 20 - 60 min of cold 
water immersion (Booth et al. 1997; Duffield et al. 2010). Despite this robust 
ergogenic effect, a number of issues preclude the use of cold water immersion in 
field settings. Primarily the need to access large amounts of cold water (up to 800 
1 (Kay et al. 1999»), requirement of a water cooler (dependent on electricity) to 
cool any warm running water and the long period of time required to reduce body 
temperature (20 - 60 min) (Booth et al. 1997; Duffield et a1. 2010). The time lost 
pre cooling would also decrease work productivity in occupational settings. 
Further, the pre cooling effect on exercising Tre predominantly occurs early during 
exercise/ work for example between 0 - 15 min (Duffield et al. 2010) and 15 - 25 
min (Kay et al. 1999). Consequently, end exercising Tre were similar between cold 
water immersion and control trials at the end of exercise (Kay et a1. 1999; 
Duffield et al. 2010). Further, a reduction in plasma volume is reduced following 
cold water immersion (Young et aI. 1989; Gordon et a1. 2003) mediated via 
vasoconstriction and subsequent increases in central blood volume, hydrostatic 
pressure and diuresis (Stocks et al. 2004) occur. As plasma volume reductions 
induce greater exercising Tre responses (Sawka et a1. 1985), cold water immersion 
could attenuate heat dissipation during exercise beyond 30 min when the 
enhanced heat storage capacity has been used (Kay et a!. 1999; Duffield et al. 
20 I 0). These issues therefore, could preclude the use of cold water immersion as 
an acute preconditioning strategy to reduce exercising Trc within an applied 
setting. 
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Internal precooling 
Internal pre cooling methods including ice slurry ingestion and acetaminophen 
ingestion have been investigated to overcome the attenuated heat dissipation and 
logistical issues associated with external pre cooling and glycerol hyperhydration 
respectively (Siegel et al. 2012). Ice slurry ingestion improves exercise 
performance with a cycling time trial completed faster (Ihsan et al. 2010) and an 
increased time to exhaustion at a set absolute exercise intensity (Siegel et al. 2010; 
Siegel et al. 2012). Further exercising Tre was reduced until 30 min (Siegel et al. 
2010) and 40 min (Siegel et aL 2012) of exercise respectively. Higher Tre were 
observed at fatigue (Siegel et al. 2010; Siegel et al. 2012). This is proposed to 
occur via cooling of blood flowing to the brain via the carotid arteries which flow 
close to the oesophagus or via afferent feedback from internal thermoreceptors in 
the mouth, oesophagus and stomach regions reducing perceived thermal strain and 
therefore, allowing a 'higher Tre to be achieved (Siegel et al. 2012). Both 
mechanisms have yet to be experimentally verified. The higher Tre which are 
achieved (Siegel et al. 2010; Siegel et al. 2012) could result in greater likelihood 
of thermal damage to other heat sensitive organs (and central nervous system 
dysfunction if no reduction in brain temperature occurs) thus increasing exertional 
heat illness risk. 
Acetaminophen ingestion 
Acetaminophen ingestion has been suggested to have an antipyretic effect within 
non fever conditions (Li et al. 2008) which could reduce Tre prior to exercise 
commencement or lower the rate of Tre increase during exercise heat stress. A 
single exercise based study has measured the effect of acetaminophen on 
exercising Tre appearing to show a pre cooling effect prior to a similar rate of Tre 
increase compared to placebo (Mauger et aI. 2014). Unfortunately this study did 
not measure Tre between acetaminophen ingestion and commencement of exercise 
and therefore, it is unclear whether a pre cooling effect occurred or whether 
participants commenced with different Trc prior to each experimental trials. 
Acetaminophen also had no effect on exercising Tre during steady state exercise 
(Coombs et al. 2014). Hence the ability of acetaminophen to lower exercising Tre 
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IS presently unclear. Acetaminophen prolonged time to exhaustion with an 
increased Tre at fatigue, although this appears to be due to its analgesic effects 
(Mauger et a1. 2014). Hence although exercise performance in hot environments 
was enhanced the higher end exercise core temperature could increase exertional 
heat illness risk. 
As previously discussed, HSP72 mediated thermotolerance is an important 
adaptation acquired during the heat acclimation process within human leukocytes 
(McClung et a1. 2008) and is crucial for reducing exertional heat illness severity in 
rodent models (Lee et al. 2006). However, these acute interventions (external and 
internal precooling, and glycerol hyperhydration) are unlikely to induce HSP72 
increases prior to exercise or occupational heat stress commencing. This along 
with the previously mentioned logistical issues precludes the effective and safe 
use of these interventions. Therefore, development of an acute exercise based 
preconditioning strategy which elevates basal HSP72 concentrations and reduces 
exercising Tre during subsequent exercise heat stress is warranted. 
2.33 Potential physiological strategies to include within an acute preconditioning 
trial to lower thermal strain during subsequent exercise in the heat 
A single well designed study demonstrated an acute exercise heat stress trial did 
not attenuate exercising Tre 7 d later (Barnett and Maughan 1993). In contrast 7 d 
later exercising Tre reductions were demonstrated following an acute 
preconditioning trial exercising in 28°C, 50 % RH (Fehrenbach et al. 2001). 
However, exercise was allowed between experimental trials which could have 
contributed to the Tre reductions observed. Indeed exercising Tre reductions appear 
to require at least 3 d of exercise heat stress based thermal impulses (Marshall et 
al. 2007; Costa et al. 2014). Therefore, additional stressors are required within an 
acute preconditioning trial if exercising Tre reductions are to occur during an 
identical subsequent exercise heat stress based trial. 
It is assumed but not established experimentally that the magnitude of individual 
impulse contributes to the cumulative magnitude and/or speed at which heat 
acclimation is acquired (Taylor 2014). The magnitude of the individual thermal 
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impulse (thermal strain) can be manipulated by altering environmental 
temperature and humidity, exercise intensity, exercise duration, contraction type 
(concentric or eccentric) and hydration status (Nybo et al. 2014). 
Duration 
The absence of Tre reductions following acute exercise heat stress (Barnett and 
Maughan 1993) could be due to the short duration (60 min) of stimuli as 
increasing duration from 60 min to 2 hrs during an HA programme induces faster 
reductions in exercising Tre (Garden et al. 1966). However, limited experimental 
controls mean conclusions from this study need to be interpreted with caution. 
Subsequently, two studies have utilised protocols lasting 2 hrs, however, 
exercising Tre reductions did not occur until the third day of acclimation within 
both recreational (Marshall et al. 2007) and athletic populations (Costa et al. 
2014). These papers (Marshall et al. 2007; Costa et al. 2014) provide useful 
information on the speed at which partial HA can be acquired. However, this 
suggests that increasing duration per se does not allow rapid relocation to hot 
environments the next day. Further, untrained populations appear to have 
difficulty initially completing durations above 60 min (Yamada et al. 2007) or 52 
min (Amorim et al. 2011) prior to volitional exhaustion, critical core temperature 
occurring or symptoms of exertional heat illness becoming apparent. Therefore, 
increasing exercise duration does not appear to offer an adequate stimulus to 
reduce exercising Tre following an acute preconditioning trial. 
Exercise intensity 
Heat acclimation programmes have typically utilised repeated exercise heat stress 
trials where participants exercised between 38 % - 70 % V02peak (obtained within 
a temperate environment). Increasing exercise intensity elevates metabolic 
demands; increasing heat production and thus inducing a greater thennal strain 
(Buono et a!. 2007). Increased exercise intensity also induces greater fluid 
displacements from the blood to interstitial compartment (Convertino et a1. 1981) 
via increased hydrostatic pressure. This increases the oncotic and osmotic 
gradients between extravascular and intravascular compartments, which are 
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stimuli for plasma volume expansion (Convertino et al. 1981; Gillen et al. 1991). 
Therefore, increasing exercise intensity beyond those previously utilised could be 
a potential strategy to reduce exercising Tre following an acute preconditioning 
trial. Indeed when a higher exercise intensity was used during a 10 d HA 
programme (75% V02max compared to 50 % V02max), sessions could be reduced in 
duration (30 - 35 min compared to 60 min) and the same Tre and HR reductions 
still occurred (Houmard et al. J990). Heat acclimation programmes are also used 
to elevate HSP72 within both rodent (Maloyan and Horowitz 2002) and human 
models (McClung et al. 2008). Elevated basal HSP72 concentrations enhance 
thennotolerance as demonstrated within human cells following in vitro heat shock 
(Theodorakis et al. 1999), heat stroke within rodents (Lee et al. 2006) and in 
human PBMCs heat shocked ex vivo following 10 d of heat acclimation (McClung 
et al. 2008). Human skeletal muscle was previously identified (see section 2.2) as 
an important tissue within exertional heat illness pathophysiology. However, the 
two studies which investigated the skeletal muscle HSP72 response to exercise 
heat stress are critically flawed because the experimental trials used only elevated 
Tre to 38.2°C similar to cycling (Peake et al. 2008) and lower than running 
(Morton et al. 2006) protocols completed within temperate environments. 
Additionally, muscle biopsies were only obtained immediately post exercise 
(before peak HSP72 concentrations which occur 24 hrs onwards) and used 
western blotting an insensitive measuring technique to determine HSP72 
concentrations (see section 2.53) (Watkins et al. 2007; Watkins et al. 2008). These 
studies do not enable the secure conclusion as to whether the observations that 
HSP72 do not change are correct or are an artefact of the study design. Therefore, 
although increasing exercise intensity appears to offer an adequate stimulus to 
reduce exercising Tre it is unclear whether elevated skeletal muscle HSP72 
concentrations would also occur. 
Environmental temperature 
Increasing environmental temperature decreases the gradient between the body 
and the environment lowering the rate of heat dissipation,increasing heat storage 
and thus inducing a greater thermal impulse (Taylor 2014). The increased sweat 
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rate required for heat dissipation also induces a greater reduction in plasma 
volume increasing the stimuli for plasma volume expansion (Convertino et al. 
1981). Increasing environmental temperature during the plateau phase of heat 
acclimation from 26°C to 32 °C wet bulb globe temperature (WBGT) increases 
exercising Tre reductions from 0.6 °C to 1.2 °C (Daanen et al. 2011). Caution 
should be taken when interpreting these results as no control group continued 
exercising in 26°C WBGT and the 3 d break following the final acclimation 
session in 32°C WBGT could have affected the thermal response during the final 
test session in 26°C WBGT. Previously, HSP72 responses were demonstrated to 
be temperature dependent following ex vivo heat shock (McClung et al. 2008). In 
contrast, the single in vivo human study that compared the HSP72 response in 
different environmental conditions demonstrated no increase in HSP72 
concentrations when the same group completed exercise in hot (28°C, 50 % RH) 
and temperate environments (18 °C, 50 % RH) (Fehrenbach et al. 2001). 
However, exercise being allowed between experimental trials (Morton et al. 
2006), an unknown heat acclimation history (McClung et al. 2008) or history of 
heat intolerance (Moran et al. 2006) ensured HSP72 response were not securely 
defined (see section 2.53) (Fehrenbach et al. 2001). This contrasts with another 
study where HSP72 increases were Tre dependent within trained but not untrained 
participants during acute exercise heat stress (Selkirk et al. 2009) Upregu!ation of 
HSP72 is proportional to basal HSP72 concentrations (Madden et al. 2008). 
Hence the higher basal HSP72 concentrations in the untrained participant likely 
accounted for HSP72 not changing in this group, while a decreased translational 
response as observed within untrained populations may also contribute (Moran et 
al. 2006; Selkirk et al. 2009). This data demonstrates a divergent response of 
HSP72 to various study designs and therefore, it is unclear if HSP72 increases are 
temperature dependent. Further, whether these leukocyte HSP72 increases also 
occur within skeletal muscle following exercise heat stress are presently unclear 
as the VL HSP72 response has yet to be securely defined (Watkins et at. 2007; 
Watkins et al. 2008). Therefore. further research is required to determine whether 
increasing environmental temperature offers an adequate stimulus to reduce 
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exercising Tre or elevate HSP72 concentrations before its use as part of an acute 
preconditioning trial. 
Dehydration 
Exertional heat stress completed In a dehydrated state results in a higher Tre 
(Sawka et a!. 1985) and HR along with a greater SV decrease (Gonzalez - Alonso 
2000) compared to similar exercise heat stress in a euhydrated state. This 
increased thermal impulse could lower exercising Tre following an acute 
preconditioning trial, although, this has yet to be experimentally tested. Further, 
exercising in a dehydrated state could be logistically challenging when no prior 
warning of departure can be provided (disaster emergency workers, engineers 
within the oil industry) as fluid restriction would need to be preplanned. Further, 
dehydration reduces both exercise (Cheuvront et al. 2010) and cognitive 
performance (Cian et al. 2000) and thus maintaining a dehydrated state in 
preparation could have a detrimental effect on occupational work capacity prior to 
departure. Dehydration is also a risk factor for exertional heat illnesses (Sawka et 
al. 2011) and thus any intervention would need to be carefully controlled. 
Dehydration has been proposed as a factor for enhancing thennotolerance. 
However, similar HSP72 responses were observed within euhydrated and 
dehydrated participants following exercise in a wann environment suggesting 
dehydration had no additive effect on the HSP72 response (Hillman et a1. 2011). 
Therefore, the limited evidence for exercising Tre reductions, HSP72 elevations 
and the logistical challenges regarding dehydrating personnel presently preclude 
the use of dehydration within an acute preconditioning trial. 
Downhill running 
Downhill running could be a possible intervention to increase the thermal and 
cardiovascular strain induced by an acute preconditioning trials. Eccentric 
contractions induce a greater increase in heat production compared to concentric 
contractions. Thermal strain increases induced by eccentric contractions were first 
demonstrated when muscle temperature CCnu), oesophageal temperature and skin 
temperature were increased during eccentric cycling compared to concentric 
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cycling (Nadel et al. 1972; Nielsen et al. 1972). Mean body temperature was also 
increased within models comparing downhill walking (- 5 % and - 15 %) and flat 
walking (0 %) which were matched for both walking speed and oxygen 
consumption (Johnson et al. 2002). Increased HR (20 b.min- I ) and Tre (0.2 - 0.3 
0c) were observed between 25 - 30 min during downhill running on a 10 % 
gradient compared to flat running (both at 40 % V02peak) (Westerlind et al. 1992). 
However, this did not quite reach significance due to the large number of time 
points (HR and Tre measured every 2 min) (Westerlind et al. 1992) 
overparamatising the statistical model and thus attenuating statistical power. The 
exercising muscle temperature, mean body temperature and Tre increases 
demonstrated in the above studies (Nadel et al. 1972; Nielsen et al. 1972; Johnson 
et al. 2002) occur because energy is stored within the series elastic elements 
(connective tissue, tendons, Z disks) during lengthening of the muscle-tendon unit 
(Randall et al. 2002; Roberts and Konow 2013) prior to being dissipated as heat as 
the muscle fascicle lengthens and during the period of amortisation prior to the 
subsequent concentric contraction (Lindstedt et al. 2001; Roberts and Konow 
2013). The increased braking force at footstrike observed during downhill running 
compared to flat running (Gottschall and Kram 2005) requires a greater angle of 
knee flexion (Buczek and Cavanagh 1990). This induces a greater load on the 
muscle tendon unit of the quadriceps requiring an increased tendon stretch to 
absorb the increased impact force (Roberts and Konow 2013). The increased 
energy dissipated and heat produced increases muscle temperature and 
subsequently core temperature as heat is transferred to the core via the venous 
blood return. The concurrent skeletal muscle and cutaneous blood flow increases 
required for heat dissipation increases HR (Delp et al. 1999; Kano et al. 2004). 
Therefore, combining downhill running and exercise heat stress could induce 
larger HR increases, further reducing stroke volume, blood volume and mean 
arterial pressure compared to exercise heat stress. This could elevate plasma 
albumin concentrations (Convertino et al. 1980; Gillen et al. 1991; Goto et a1. 
2010) and sympathetic activation of the renin-angiotensin-aldosterone system 
(Grant et a!. 1996) increasing the stimuli for PV expansion. Acute muscle 
damaging exercise (eccentric bench stepping) also induces plasma volume (PY) 
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expansion (Gleeson et a1. 1995) possibly via increased oncotic pressure gradient 
mediated via an efflux of albumin into the plasma (Irving et al. 1990), increasing 
fluid movement from the extravascular to intravascular compartments. 
Muscle damage induced by downhill running typically decrease exercise 
performance for at least 48 hrs - 72 hrs (Marcora and Bosio 2007; Etheridge et al. 
2008). Thermal strain also increases during exercise heat stress for up to 24 hours 
following muscle damaging exercise (Fortes et al. 2013). These negative effects 
occur while athletes and occupational workers are packing or travelling to hot 
environments (within 24 - 72 hrs). Other interventions such as exercising within a 
dehydrated state would require a period of fluid restriction prior to the acute 
preconditioning trial and thus would delay travelling. This would increase the 
time required before athlete, military or disaster emergency worker could arrive 
within the hot environment. A further, positive effect are the consistent basal 
HSP72 increases for up to 7 d observed following muscle damaging exercise 
within skeletal muscle (Paulsen et al. 2007) which have yet to be observed 
following acute exercise heat stress (Watkins et al. 2007; Watkins et al. 2008). 
Consequently, the demonstrated thermal strain and skeletal muscle HSP72 
increases following muscle damaging exercise suggest downhill running could be 
a useful intervention to incorporate within an acute preconditioning trial. 
2.4 Thermotolerance and the heat shock protein svstem 
2.41 Thermotolerance an Overview. 
Thermotolerance is an adaptation conferred by a single exposure or series of 
severe but non lethal heat exposures that allows an organism to a survive a 
subsequent more severe heat stress (Moseley 1997). This protective effect occurs 
via attenuation of themlal mediated protein denaturation increases (Karnpinga et 
al. 1995) which induce cellular apoptosis (Pan et at. 2011). Both protein 
denaturation and apoptosis are associated with thermal damage induced via the 
classical pathway of heat injuries (Epstein et al. 2012). 'l11erefore, upregulating a 
set of proteins which attenuate protein degradation and apoptosis could confer 
tolerance to exercise heat stress decreasingexertional heat illness risk. 
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The HSP system has a key role in enhanced thermotolerance to subsequent 
stressors (Kampinga et al. 1995; Liu et al. 1997). Heat shock proteins and glucose 
regulated proteins are stress responsive proteins named after the initial stressor 
which upregulated them, heat shock (Ritossa 1962; Ritossa 1963; Ritossa 1964) 
and glucose deprivation (Lee 1987) respectively. The individual proteins within 
each group are classified by the molecular weight in kilodaltons (kDa) of each 
protein. The HSPs of relevance within this thesis include HSP72 the commonly 
used name for HSPAIA, HSP90 (HSPCl), GRP78 (HSPA5) and GRP94 
(HSPC4) (Kampinga et al. 2009). 
2.42 Heat shock protein 72 (HSP72) 
Heat shock protein 72 has an important role in conferring thermotolerance 
(Kampinga et al. 1995). This primarily occurs through via attenuation of protein 
denaturation as demonstrated in thennotolerant cells (Kampinga et al. 1995). This 
occurs because HSP72 holds denatured protein during heat stress (Freeman and 
Morimoto 1996; Nollen et al. 1999) preventing protein degradation and 
aggregation (Goldberg 2003). Upon cessation of cellular stressors, i.e. a given 
time post exercise or environmental stress, denatured proteins held by HSP72 are 
refolded back into a native state (Freeman and Morimoto 1996). This reduces 
apoptosis mediated by protein denaturation (Pan et al. 2011). Direct inhibition of 
apoptotic pathways via HSP72 overexpression reduces heat induced apoptosis 
within human cells (Mosser et al. 1997). This protective effect is lost when 
antibodies to HSP72 are microinjected into cells increasing cell death (Riabowol 
et al. 1988). Additionally HSP72 regulates cellular Ca2+ homeostasis by 
preventing thennal inactivation of the SERCA pump on the sarcoplasmic 
reticulum (Tupling et aI. 2008). This attenuates intracellular calcium 
concentrations increases associated with increased calpain proteolysis (Zhang et 
al. 2008), Ca2,' mediated apoptosis (Sawka et a1. 20 II) and sarcolemma damage 
(Bosch et al. 2009) decreasing rhabdomyolysis risk during exercise heat stress. 
Elevated basal HSP72 concentrations have subsequently been associated with 
enhanced whole body thermotolenlnce. A protective effect was first demonstrated 
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by Yang et ai, (1998) who utilised heat shock preconditioning to elevate basal 
HSP72 concentrations within the brain, heart, liver and kidney within an in vivo 
rodent model. Increased HSP72 concentrations at 16 hrs post heat shock 
preconditioning were correlated with a delayed or reduced incidence of arterial 
hypotension, cerebral ischemia, cerebral neuronal damage and death during heat 
stroke (Yang et al. 1998). When HSP72 returned to basal values at 48 hrs post 
heat stroke this thermotolerance was lost (Yang et al. 1998). Elevated basal 
HSP72 concentrations within the liver (3.6 fold) were also associated with 
increased survival time of mice during 60 min heat shock (King et al. 2002). This 
paper, demonstrated that an optimal preconditioning dosage existed (30 min) 
above which (45 min) survival time decreased during the subsequent 60 min heat 
shock (King et al. 2002). The limitation of these studies was that no attempt was 
made to elucidate whether HSP72 (via inhibition) and/or other adaptations within 
the brain, heart, liver and kidneys, or other tissues were responsible. 
This methodological issue was overcome in a study where heat shock mediated 
HSP72 elevations within the brain of rodents protected against heat stroke (Li et 
al. 200 I). This protective effect was lost when HSP72 antibodies which bind 
HSP72 preventing it functioning as a protein chaperone, were injected into the 
bilateral nucleus tractus solitarii within the brain (Li et al. 2001). This reversed the 
reductions in heat stroke cases observed (Li et at 2001). This HSP72 mediated 
thennotolerant effect has subsequently been observed within other tissues after 
HSP72 was transgenically overexpressed resulting in an increased survival time 
for mice subjected to heat shock via attenuated hyperthermia, circulatory shock, 
and cerebral ischemia and damage compared to control mice (Lee et al. 2006). 
These previous studies demonstrated a key role for HSP72 conferring 
thermotolerance against lethal heat shock within rodent models. However, 
whether this protective effect also occurs in leukocytes and skeletal muscle is 
unclear. Two important studies demonstrated that elevated basal HSP72 
concentrations within peripheral mononuclear blood cells (PBMCs) of 17.7 % 
(McClung et al. 2008) and 70%) (Amorim et al. 201l) are associated with an 
attenuated HSP72 response to acute ex vivo heat shock. As HSP72 induction is 
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dependent on protein denaturation an attenuated HSP72 response is indicative of 
enhanced therrnotolerance (Theodorakis et al. 1999). Other adaptations including 
optimisation of transcription and translational control (Touchberry et al. 2012), 
and elevated concentrations of anti-apoptotic (Horowitz 2014) and antioxidant 
(Horowitz and Kodesh 2010) proteins occur when therrnotolerance is enhanced. 
Therefore, it is unclear if HSP72 increases or other adaptations induced by heat 
acclimation are responsive for the protective effects observed. 
The protective effects of HSP72 have been investigated within in vivo rodent 
models with reductions in structural, membrane and cellular damage appearing to 
be attenuated when skeletal muscle HSP72 was elevated following prior heat 
shock (Shima et al. 2008; Touchberry et al. 2012). This protective effect was 
subsequently verified via HSP72 overexpression in skeletal muscle with a 
reduction in oxidative damage and prolonged time to exhaustion observed (Liu et 
al. 2013). An attenuated Hsp72 mRNA and HSP72 response associated with 
elevated basal HSP72 was also observed within humans following an 
experimental trial of 70 maximal voluntary eccentric contractions was repeated 21 
days later (Paulsen et al. 2009). An obvious limitation of this model was that other 
adaptations associated with the repeated bout effect such as a strengthened 
cytoskeleton (increased desmin) and elevated small HSP (Cl~-crystallin and 
HSP27) concentrations could also be responsible for the protection observed. 
Tentative data therefore, suggests that HSP72 provides protection within skeletal 
muscle in vivo against protein denaturation, oxidative stress, membrane damage, 
structural damage and apoptosis. These changes are associated with the 
pathophysiology of classical heat injury and specifically within skeletal muscle 
the events which lead to rhabdomyolysis. Therefore, elevated HSP72 
concentrations could enhance thermotolerance against heat related injuries within 
skeletal muscle by attenuating protein denaturation (Mestre-Alfaro et a1. 2012) 
and apoptosis (Selkirk et a!. 2009) which occur during exercise heat stress. 
Although HSP72 elevations are likely to enhance both skeletal muscle and whole 
body in vivo thermotolerance within humans this has yet to be experimentally 
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verified. This is because it is unethical to induce heat stroke within human 
participants. Further, only a limited number of rodent heat stroke models have 
investigated HSP72 mediated thermotolerance within skeletal muscle (Lee et al. 
2006). This study utilised an experimental model where HSP72 was 
overexpressed within all tissues of rodents (Lee et al. 2006) and thus the specific 
effect of HSP72 increases within skeletal muscle are yet to be demonstrated. 
Transcription of Hsp72 mRNA is induced by protein denaturation (Bush et al. 
1997) which causes dissociation of the multi-chaperone complex consisting of 
HSP72, HSP90, heat shock protein 40 and heat shock factor - 1 (HSF-l) 
(Tomanek and Somero 2002). Translocation of HSF-1 to the nucleus where 
homotrimerisation of HSF-1 occurs forming a HSF -1 trimer which binds to the 
heat shock element (Baler et al. 1993). Recruitment of histone acetyl transferases 
weakens the DNA sequence containing the Hsp72 sequence enabling RNA 
polymerase II to escape from heat shock element paused pre transcriptional 
initiation complex and commence elongation of Hsp72 mRNA (Mason and Lis 
1997; Xu et al. 2008). This relationship between protein denaturation and Hsp72 
mRNA induction and the decreased protein denaturation observed within 
thermotolerant cells (Kampinga et al. 1995) suggests measurement of Hsp72 
mRNA could be utilised as a marker of thermotolerance. Indeed thermotolerant 
cells induce a smaller Hsp72 mRNA than non thermotolerant cells (Theodorakis 
et al. 1999). This response is replicated in humans following exercise heat stress 
with attenuated Tre responses eliciting a smaller Hsp72 mRNA response within 
PBMCs (Marshall et al. 2007). Therefore, Hsp72 mRNA could be utilised to 
elucidate whether any elevation of HSP72, exercising Tre reductions or delayed 
onset muscle soreness attenuate the cellular stress response in vivo. 
2.43 Hsp90a 
Heat shock protein 90 alpha (HSP90a) is a heat shock protein involved in the 
cellular stress response within the cytosol, with an important role conferring 
thermotolerance in vitro (Kampinga et al. 1995). Elevated HSP90a concentrations 
in vitro correlate with reduced protein denaturation and oxidative stress mediated 
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apoptosis (Lee et al. 2005; Meng et al. 2011; Yang et al. 2011). Indeed when 
HSP90 gene expression is inhibited within human neural cells (Lee et a1. 2005) 
and HSP90 function was inhibited within murine fibroblasts (Lewis et a!. 2000) 
apoptosis increased. These anti-apoptotic function have been confirmed via an 
overexpression study where TNFu induced apoptosis was inhibited (Zhao and 
Wang 2004). Absence of HSP90 also impairs recovery from heat shock via a 
delayed restoration of protein synthesis (Duncan 2005). The protective effect of 
HSP90u primarily occurs through attenuation of protein denaturation as 
demonstrated in thermotolerant cells (Kampinga et al. 1995). This occurs because 
HSP90u holds denatured protein during heat stress (Freeman and Morimoto 1996) 
via a conformational change allowing the acceptance of denatured proteins 
(Taipale et al. 2010) preventing protein degradation and aggregation (Goldberg 
2003). Upon cessation of cellular stressors, i.e. a given time post exercise or 
environmental stress, denatured proteins held by HSP90a are refolded back into a 
native state (Freeman and Morimoto 1996). Sequestration of the calpain proteases 
by HSP90a also prevents protein degradation (A verna et al. 2007). This reduces 
apoptosis mediated by protein denaturation (Pan et al. 2011). Heat shock protein 
90 alpha also directly inhibits apoptotic pathways in vitro reducing heat induced 
apoptosis via inhibition of death signalling pathways, mitochondrial 
permeabilisation, apoptosome formation and caspase activation (Arya et a1. 2007). 
Aside from attenuating protein denaturation and apoptosis HSP90u has several 
other important roles within the cellular stress response. The action of HSP90a as 
a chaperone ensures the functions of proteins involved in transmitting cellular 
signalling cascades (signalling kinases and transcription factors) (Taipale et a!. 
2010), assembly of gene transcription machinery, protein synthesis machinery, 
cell proliferation and differentiation (Erlejman et at. 2014) and DNA repair 
(Kaplan and Li 2012) are maintained during cellular stress. Hence HSP90a has an 
important role in restoring cellular homeostasis following cellular stress induced 
by heat shock enabling processes such as global protein synthesis to recommence 
(Duncan 2005). As the HSP90u. response takes into account stimuli for all the 
aforementioned processes, it could provide a better indication of the cellular stress 
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response and thermotolerance not just the stimuli for protein denaturation and 
apoptosis as demonstrated for HSP72. 
Therefore, HSP90a could attenuate protein denaturation and apoptosis, enhance 
thermotolerance and thus potentially attenuate exertional heat illness risk within 
humans. While control of transcriptional and translational responses suggest 
HSP90a has an important role coordinating recovery from exercise heat stress. 
This has yet to be experimentally verified because of the difficulties of completing 
heat stroke based studies within humans and the absence of whole body or tissue 
specific heat stroke studies within rodent models. 
Another area of interest could be the use of Hsp90a mRNA as a marker of 
thermotolerance. Indeed Hsp90a mRNA increases following exercise heat stress 
(Moran et al. 2006), exertional heat illness (Sonna et al. 2004) and ex vivo heat 
shock (Sonna et al. 2004). This potential function as a marker ofthennotolerance 
could occur because induction of Hsp90a mRNA is regulated by protein 
denaturation which causes dissociation of the multi-chaperone complex consisting 
of HSP72, HSP90, heat shock protein 40 and heat shock factor - 1 (HSF -1) 
(Tomanek and Somero 2002). This leads to translocation of HSF-l to the nucleus, 
where homotrimerisation occurs and the HSF-I trimer binds to the heat shock 
element (Baler et al. 1993). Recruitment of histone acetyl transferases then occur 
to weaken the DNA sequence containing the Hsp90a sequence enabling RNA 
polymerase II to escape from heat shock element paused pre transcriptional 
initiation complex and commence elongation of Hsp90a mRNA. Indeed when 
thennotolerant human cells are heat shocked in vitro a reduced protein 
denaturation and Hsp90a mRNA response occur concurrently (Kampinga et al. 
1995). However, whether Hsp90a mRNA response is attenuated when 
physiological strain e.g. exercising Tre is reduced has yet to be detennined \:I,'ithin 
an in vivo human exercise model and thus requires elucidation. 
2.44 GRP78 
Glucose regulated protein 78 (GRP78) is a heat shock protein which regulates the 
cellular stress response within the endoplasmic reticulum (ER) (Ron and Walter 
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2007). When the cellular environment is in an unstressed state GRP78 resides 
bound to the luminal side of the ER membrane either at the translocon pore 
(Kleizen and Braakman 2004) or in complex the signalling kinases Protein like 
RNA-like ER kinase (PERK), inositol requiring protein - 1 a (TREla) and 
activating transcription factor 6 (A TF6) (Ron and Walter 2007). During thermal 
stressors the concentration of denatured proteins within the cytosol increases 
(Kampinga et al. 1995). Failure to clear the denatured proteins within the cytosol 
during cellular stress leads to endoplasmic reticulum stress (Ding and Yin 2008) 
whereby denatured proteins are transported into the ER by J-Proteins (Kampinga 
and Craig 2010). Glucose regulated protein 78 dissociates from the ER lumen to 
bind to denatured proteins transported to it by J-proteins (Kampinga and Craig 
2010). This event has two consequences, the first is that GRP78 binds the 
denatured proteins preventing aggregation leading to protein degradation or once 
cellular stress has ceased protein refolding. The second is an initiation of the 
unfolded protein response via PERK, IRE 1 a and A TF6 which suspends protein 
synthesis and eventually leads to expansion of ER protein folding capacity (Ron 
and Walter 2007). These pathways also increase Grp78 mRNA transcription via 
activation of the transcription factors spliced A TF6 and X-box binding protein-l 
which bind the endoplasmic reticulum stress element on the Grp78 gene (Ron and 
Walter 2007). Coactivators including Tata box binding protein, p300 and protein 
arginine methyltransferases are then recruited to fonn the endoplasmic reticulum 
stress factor (Yoshida et al. 2000; Donati et al. 2006). This enables RNA 
polymerase II to be released commencing Grp78 mRNA transcription. 
Increased Grp78 mRNA transcription leads to elevated basal GRP78 
concentrations which have been demonstrated to enhance cellular tolerance in 
vitro to subsequent endoplasmic reticulum stress (Liu et at 1997; Liu et al. 1998). 
A protective effect was first demonstrated when overexpression of GRP78 
attenuated Grp78 mRNA induction in hamster ovary cells (Dorner et al. 1992). 
This is indicative of elevated GRP78 reducing protein denaturation. Subsequent 
studies demonstrated that GRP78 overexpression also maintains Ca2+ 
homeostasis, attenuates oxidative stress and reduces apoptosis in response to 
endoplasmic reticulum stress (Liu et at. 1997; lia et al. 2004). This enhanced 
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cellular tolerance is lost when GRP78 expression was inhibited (Liu et al. 1997; 
Jia et al. 2004) leading to activation of the unfolded protein response and 
apoptosis within human cells (Suzuki et al. 2007). The protective effect of GRP78 
has only been studied thus far in vitro and therefore, whether these protective 
effects conferred by GRP78 translate to enhanced whole body thermotolerance is 
presently unclear. Therefore, extrapolation of any cytoprotective effect to human 
skeletal muscle and leukocytes should be made with caution. 
Another area of interest could be the use of Grp78 mRNA as a marker of 
thermotolerance. Induction of Grp78 mRNA has been observed in vitro following 
heat shock within rodent (McMillan et aI. 1998) and human cells (Heldens et aL 
2011) and following administration of protein denaturing agents (Bush et al. 
1997) within canine cells. Therefore, Grp78 mRNA has the potential to be utilised 
as a marker of thermotolerance. However, whether the Grp78 mRNA response is 
attenuated when physiological strain e.g. exercising Tre is reduced has yet to be 
determined within an in vivo human exercise model and thus requires elucidation. 
Heat intolerant individuals appear to have decreased HSF-l concentrations 
attenuating Hsp72 mRNA and Hsp90a. mRNA induction (Moran, 2006). 
Induction of Grp78 mRNA occurs via the PERK, IREla. and A TF6 pathways and 
continues in vitro when HSF -1 is inhibited (McMillan et aL 1998). Therefore, if 
Grp78 mRNA increases following acute exercise heat stress in humans are 
attenuated when during subsequent exercise heat stress trials when exercising Tre 
reductions occur it could be a marker ofthennotolerance of particular relevance in 
heat intolerance individuals. These advantages require verification in vivo due to 
previous studies using in vitro models, (Bush et al. 1997; McMillan et al. 1998; 
Heldens et aL 2011), although Grp78 mRNA is a promising candidate as it is 
exercise responsive within human skeletal muscle (Neubauer et at. 2014). 
2.45 GRP94 
Glucose regulated protein 94 is a 94 kDa ER based protein which regulates both 
Ca2+ homeostasis within the ER and denatured protein export from the ER (Eletto 
et a1. 2010). Glucose regulated protein 94 is also a non promiscuous chaperone 
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enabling maturation of important anti-apoptotic proteins such as the insulin like 
growth factors (Wanderling et al. 2007). Like GRP78 increased protein 
denaturation within the ER upregulates IREla and ATF6 signalling leading to 
activation of A TF6 and XBP-l which bind to the endoplasmic reticulum stress 
element on the Grp94 gene (Yoshida et al. 1998; Donati et al. 2006). Coactivators 
including Tata box binding protein, histone methyltransferases and histone 
acetyltransferases are then recruited to form the endoplasmic reticulum stress 
factor (Yoshida et al. 2000; Donati et al. 2006; Zhou et al. 2011). This enables 
RNA polymerase II to be released commencing Grp94 mRNA transcription. 
Increased Grp94 mRNA transcription elevates basal GRP94 concentrations which 
confers cellular tolerance in vitro to subsequent ER stress (Liu et al. 1998). The 
first study to use a preconditioning stressor to elevate GRP94 concentrations 
observed oxidative stress and apoptosis were reduced during subsequent ER stress 
within porcine kidney cells (Liu et al. 1998). More recent studies utilising C2C12 
myotube based in vitro models observed cellular membrane damage (Vitadello et 
al. 2003), protein denaturation (Pizzo et al. 2010) and apoptosis (Vitadello et al. 
2003; Pizzo et al. 2010) were reduced following oxidative stress (Pizzo et al. 
2010) and calcium overload (Vitadello et al. 2003) when GRP94 was 
overexpressed. These protective effects were lost when GRP94 expression was 
inhibited (Pizzo et al. 2010) suggesting that GRP94 increases confer cellular 
tolerance in vitro to various stressors which also occur during exercise and/or 
exercise heat stress including oxidative stress (McAnulty et al. 2005) and 
increased cellular Ca2+ concentrations (Overgaard et al. 2004; Sawka et al. 2011). 
Whether these protective effects conferred by GRP94 increases translate to 
enhanced whole body therrnotolerance within humans has yet to be investigated. 
Therefore, extrapolation of any cytoprotective effect to human skeletal muscle and 
leukocytes should be made with caution. Previous rodent based models suggest 
Grp94 mRNA is exercise responsive (Wu et al. 2011), however, the Grp94 
mRNA response to exercise has yet to be investigated within humans. 
Induction of Grp94 mRNA could be used as a marker of thermotolerance because 
a positive relationship between protein denaturation and Grp94 mRNA was 
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observed in vitro (Bush et al. 1997). Further, Grp94 mRNA is only upregulated 
during severe stress where global protein synthesis is switched off and the 
unfolded protein response is engaged (Bush et al. 1997). Consequently the Grp94 
mRNA could indicate when severe levels of cellular stress occur during exercise 
heat stress. This requires verification within in vivo human exercise heat stress 
based studies due to previous studies occurring in vitro. 
2.5 Heat shock protein system response to exercise 
Elevated skeletal muscle HSP72 protein concentrations could protect against 
exertional heat illnesses (Lee et aI. 2006). Exercise, exercise induced muscle 
damage and exercise heat stress, are potential strategies to elevate basal HSP72 
concentrations. This section will summarise the present literature to determine the 
most valid strategy to increase basal HSP72 concentrations. The effects of 
exercise induced stressors on the Hsp72 mRNA Hsp90a mRNA, Grp78 mRNA 
and Grp94 mRNA responses will also be reviewed. 
2.51 Heat shock protein 72 response to acute exercise 
Vastus lateralis Hsp72 mRNA increases (see table 2.1) have been demonstrated 
by three studies following submaximal exercise in humans (Puntschart et al. 1996; 
Walsh et al. 2001; Vissing et al. 2005). Despite demonstrating Hsp72 mRNA 
increases no change in HSP72 protein concentrations was observed in these two 
studies (Puntschart et al. 1996; Walsh et al. 2001). This could be because biopsies 
were only obtained up until 3 hrs post exercise prior to elevated HSP72 occurring 
at 48 hrs post exercise (Morton et al. 2006). A varied HSP72 response was 
observed within Walsh et al (2001) with two participants increasing but three 
participants not changing. Exercise was conducted at 70 % V02pe11k. Therefore, 
participants exercised at varied relative exercise intensities suggesting individual 
participants experienced a different metabolic strain (Baldwin et al. 2000) which 
could account for the varied HSP72 response. The vastus Iateralis is a 
heterogeneous tissue and thus further variation was likely induced by biopsy sites 
used (different leg and 5 em apart on the same leg) where unique patterns of gene 
and protein expression were likely to occur (Tupling et aL 2007). The Variability 
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in the HSP72 response was further compounded within Puntschart et al (1996) by 
the collection of basal muscle biopsy samples two weeks before exercise. During 
this period no experimental controls for variables which affect the HSP72 
response such as prior exercise and nutritional status were implemented. 
In contrast two subsequent studies demonstrated elevated HSP72 concentrations 
24 - 48 hrs post exercise (Morton et al. 2006; Tupling et al. 2007). These studies 
utilised a sampling time course which obtained muscle biopsies at 24 hrs and 48 
hrs post exercise when HSP72 concentrations is known to peak in whole muscle 
homogenates from the vastus lateralis (Tupling et a!. 2007). Further these studies 
implemented experimental controls for factors which affect the HSP72 response 
including prohibition of exercise, alcohol and caffeine prior to the experimental 
trial and between biopsy timepoints. The more appropriate biopsy sampling time 
course and better experimental control therefore, explain the increased HSP72 
concentrations in these studies (Morton et al. 2006; Tupling et al. 2007). 
Increases in leukocyte Hsp72 mRNA have been demonstrated by two studies 
following submaxima! exercise in humans (Connolly et a1. 2004; Shin et a1. 
2004). Data regarding whether the demonstrated leukocyte Hsp72 mRNA 
responses are translated to elevated leukocyte HSP72 protein concentrations are 
presently equivocal with two studies demonstrating no change following exercise 
(Shastry et al. 2002; Chang et al. 2010) while other studies demonstrated an 
increase (Fehrenbach et a1. 2000; Shin et a1. 2004; Taylor et al. 2012). This could 
be due to the Shastry et aI (2002) and Chang et al (2010) measuring HSP72 via 
western blotting within the peripheral blood mononuclear cells (PBMCs) while 
Fehrenbach et al (2001) and Taylor et al (2012) measured HSP72 within 
monocytes via flow cytometry. The HSP72 response is greater within monocytes 
compared to lymphocytes and granulocytes (Oehler et al. 2001). Flow cytometry 
is more sensitive for measuring HSP72 changes than western blotting (Bachelet et 
al. 1998). Therefore, the increased sensitivity of the study design employed 
explains why HSP72 increases were found in these two studies (Fehrenbach et al. 
2001; Taylor et al. 2012). 
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Table 2.1 Intracellular Hsp72 mRNA and HSP72 response to acute submaximal exercise 
Authors Intervention Tissue Technigue Results 
(Chang et al. 20 I 0) 60 min running at 70% V02peak PBMC WB N/C HSP72 
(COIIDollyet al. 2004) 30 min cycling at ~ 80 % V02ma>.. PBMC Gene Array , Hsp72 mRNA (2.0 fold at IP & 2.4 fold at 60 min 
post).' 
(Fehrenbach ct al. 2000) Half marathon G, Ly. FC G i ~125% HSP72+ cells at 24 hrs. Ly N/C HSP72+ 
M cells. M , ~300% HSP72+ cells at 24 hrs. 
(Morton et at. 2(06) 45 min running at LT (average 69.6 VL WB t HSP72 (179 % at 48 hrs, 178 % at 7 d. 210 % at 
(Morton ct a1. 2(08) 
% VOa.",,,k)' 
45 min running at LT (average 69.6 VL WB 
Peak). 
N/C HSP72 in TR compared to UTR.N/C HSP72 in 
% V(hpelll). UTR Vs TR. TR participants post ex. 
(Punlsclmn ct al. 1996) 30 min nmning at anaerobic VL NB i Hsp72 mRNA (-394 % at 4 min, -489 % at 30 min, 
threshold. (Mean BfLa] at 20 min WB -339 % at 3 hrs). N/C HSP72. 
of 5.1 mmol.rl) 
(Sha.'iUY et at 2002) 
(Shin et aI. 20(4) 
60 min running at 70% V02l""..Jik 
60 min running a1 700/0 HRR 
(24"C. 60% RH). 
L 
PBMC 
WB 
NB 
WB 
N/C HSP72. 
T i ~130% Hsp72 mRNA at 30 min post. UTR N/C 
Hsp72 TR i 127% & 141 % HSP72 IP & 30 min post. 
UTR t 127% & 139% HSP72 IP & 30 min post 
(Steensberg ct aI. 2007) 
(Taylor et al. 2012) 
2 hrs one leg cycling at 550,,'0 Wma.x 
60 min cycling at power output 
VL 
M 
QPCR 
Fe 
i 400% Hsp72 mRNA 
, 167% HSP72. 
eliciting 90% of LT. 
(Tupling ct a1. 20(7) 30 min isometric contrdctions at 
60% MVC on a 50% duty cycle (5 
VL WB , HSP72 (all fibres)., HSP72 in fibre type I 
i HSP72 in fibre type IIA and IIX 
(Vissing et al. 2005) 
s contraction. 5 s rest). 
3 hrs single leg knee extensions at VL QPCR i ~450% Hsp72 mRNA. 
5O%Wmax 
_~(W.~lsh et aI. 200~2_,..~ 60~f!lin1]lnnin&!t, 70~,V021';L.__VL QPCR i 300% Hsp72 mRNA. N/C HSP72 
B[LaJ (Blood lactate concentrations), Fe (Flow cytometry), G (Granulocytes). HRR (Heart rate reserve), HSP72 (Heat shock protein 72), Hsp72 mRNA (Heat 
shock protein 72 mRNA), TAT (individual anaerobic threshold), IP (Immediately post). L (Leukocytes), Ly (Lymphocytes), LT (Lactate threshold), M 
(Monocytes). mmo!.r' (millimolars per litre), MVC (Maximum voluntary contraction), N (Neutrophils), NB (Northern blotting), N/C (no change), QPCR 
(Quantitative polymerase chain reaction), PBMC (Peripheral blood mononuclear cells), TR (Trained), UTR (Untrained), VL (Vastus lateralis), V02peak (Peak 
oxygen uptake), WB (Western blotting), WMax (Watt max). 
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2.52 Heat shock protein 72 response to exercise induced muscle damage 
A number of studies have demonstrated that muscle damaging exercise increases vastus 
Iateralis Hsp72 mRNA (see table 2.2) following eccentric contractions (Willoughby et 
ai. 2003), isokinetic eccentric contractions (Paulsen et al. 2007; Hubal et a1. 2008) and 
downhill running (Thompson et al. 2(03). These Hsp72 mRNA increases have been 
demonstrated to be translated into elevated basal HSP72 when measured via ELISA in 
an all male population (Paulsen et al. 2007). In contrast Thompson et ai, (2003) 
observed an Hsp72 mRNA increase but no change in HSP72 concentrations. The 
Thompson study had a much smaller serum creatine kinase increase post exercise 
indicative of a smaller muscle damaging response and thus less need for HSP72 
increases to restore muscle function. This study also utilised a participant population of 
1 male and 7 females (Thompson et a1. 2003). Females have a blunted HSP72 response 
compared to the males (Morton et al. 2009). Hence the male population used in Paulsen 
et al (2007) was likely more responsive. This study (Thompson et al. 2003) obtained the 
pre experimental trial biopsy sample from the opposite leg and measured HSP72 via 
western blotting likely further increasing the variability of any HSP72 response 
observed (Tupling et al. 20(7). 
Three studies have suggested that muscle damaging eccentric contractions may induce a 
larger Hsp72 mRNA and HSP72 protein concentration increase than non damaging 
concentric contractions (Willoughby ct a!. 2003; Hubal et al. 2008: Vissing ct al. 2(09). 
The first two studies did not obtain biopsy samples prior to the intervention and 
therefore, it is unclear whether changes were due to the exercise intervention or 
different basal HSP72 concentrations (Willoughby et at 2003: Hubal et al. 2008). The 
third study utilised a model involving eccentric exercise on one leg and concentric 
exercise on the other leg (Vissing ct at 2009). A pre exercise biopsy was obtained 7 d 
before the exercise intervention and both interventions \vere matched for energy 
expenditure (Vissing et a1. 2009). Therefore, this study (Vissing et a!. 2009) provides 
more robust evidence for a greater HSpn response in the vastus lateralis follo\\'ing 
muscle damaging exercise. 
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Table_2.2 Intracellular Hsp 72 mRNA and HSP72 responses to exercise induced muscle damage 
Authors Intervention Tissue Technique Results 
(Hubal et al. 300 Eccentric isokinetic contractions VL QPCR Hsp72 mRNA t 10.9 fold Eccentric Vs Concentric. 
2008) 300 Concentric isokinetic contractions 
(Paulsen et al. 300 maximal eccentric contractions VL WB, THC, i Hsp72 mRNA (-1500 %, 2000% & 1000% at 4 
2007) NB hI's, 8 hrs & 24 hrs). i I-lSP72 (-200%; 24 hrs, 96 hrs 
& 168 hI's). 
(Paulsen et al. :2 sessions (Bout I (B I) & Bout 2 (82» of 70 BB W8 B I 1 cytoskeletal I-lSP72 (-325 % at 48 hrs, -308 % 
2009) eccentric MVC of BB. [21 d between sessions1 at 96 hI'S & 265% at 168 hrs). 
BIt cytosol I-lSP72 (~288 % at 48 hrs, -315 % at 96 

hI'S & 302% at 168 hI'S). 

B2 t cytoskeletal HSP72 (- 146 % pre ex, - 217 % at 

48 hI'S). B2 i cytosol HSP72 (- 156% pre ex - 231 % 

at 48 hrs). 

(Thompson et 	 I) 50 maximal eccentric MVC of elbow BB WB I) 1-227% HSP72 at 48 hrs, i -127% Hspn 
a!. 2003) 	 flexors. 2) 30 min downhill running (-10 % VL QPCR (HSP70C) at 48 hrs. 
gradient, 77 % age predicted HRmax). 2) N/C HSP72. t -200% Hsp72 mRNA (HSP70B) at 
Mixed gender (8 male. 7 female). 48 hrs. 
(Willoughby 7 x 10 Eccentric knee extensions at 150 % VL QPCR i Hsp72 mRNA in Eccentric (3.63 ng.mr1) Vs 
et al. 2003) IRM. EI,{SA Control (1.33 ng.mr 1) t HSP72 in Eccentric (32 
ng.mr 1) Vs Control (15 ng.mr1) 
(Vi:;sing et aL 2 sessions of 30 min eccentric bench stepping VL WB Trial I j cytoskeletal N/C Cytosolic HSP72 at 7 d. 
2009) at 60 steps.min-1• [8 weeks between]. 	 Trial 2 N/C Cytosolic or cytoskeletal HSP72. 
Trial I Hspn mRNA t at 3 hrs (890%) and 24 hrs 
(-200%). Trial 2 Hsp72 mRNA t at 3 hrs (490%) 
and 24 hrs (-200%). 
t (im.:reasc). 1RM (I repetition maximum). BB (Biceps brachii), ELISA (Enzyme linked immunosorbent assay), HRMax (Maximal heart rate), HSP72 (Heat 
sheek protein 72), Hsp72 mRNA (Heat shock protein 72 mRNA). /He (Immunohistochemical staining), MVC (Maximal voluntary contractions), NB (Northern 
blotting), og.lllr l (nanogl1lms per millilitre) QPCR (Quantitative polymerase chain reaction) RB (Repeated bout), steps.min- t (steps per minute), VL (Vastlls 
latera lis), Vs (C~mpared to) WB (Western blotting). 
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2.53 Heat shock protein 72 response to exertional heat stress 
Two studies have investigated the HSP72 skeletal muscle response (see table 2.3) 
demonstrating no change immediately post exercise (Watkins et aJ. 2007; Watkins et al. 
2008). This response may be study design and participant dependent. Induction of 
HSP72 is positively related to the thermal strain induced and inversely related to basal 
HSP72 concentrations (McClung et al. 20(8). The short cycling based 30 min protocol 
(Watkins et al. 2007; Watkins et al. 2008) only increased Tre to 38.2 °C smaller than in 
exercise based protocols where HSP72 increased (Morton et al. 2006). Further, 
participants had high basal HSP72 concentrations which appears to attenuate HSP72 
induction following in vitro (Theodorakis et al. 1999) and ex vivo (McClung et al. 20(8) 
heat shock in human cells and in vivo exercise models in humans (Morton et al. 2008). 
The use of a variable technique to measure HSP72 (western blotting) and absence of 
biopsy samples to measure HSP72 at 24 - 48 hrs when concentrations peak (Morton et 
al. 2006; Tupling et al. 2007) also decreases the sensitivity to detect HSP72 increases 
compared to previous study designs (Morton ct al. 2006; Tupling et al. 2007). 
Therefore, these studies do not securely clarify whether exercise heat stress induces 
HSP72 within skeletal muscle. 
In contrast, Hsp72 mRNA has been demonstrated to be elevated foll()wing exercise heat 
stress within leukocyte subsets including PBMCs (Fehrenbach et aL 200 I; Marshall et 
al. 2007) and lymphocytes (Moran et al. 2006; Mestre-Alfaro et a!. 2012). These Hsp72 
mRNA increases were translated into elevated monocyte HSP72 concentrations in one 
study (Fehrenbach et al. 200 I) but not within PB!VICs in a later study (Marshall et at 
2007). A smaller T re increase of 38.9 °C was induced by the protocol used by (Marshall 
et a!. 2007) compared to 39.6 - 39.8 °C (Fehrenbach et a!. 2001). A.s HSP72 induction 
demonstrated to be temperature dependent as demonstrated following ex vim heat shock 
(McClung et al. 2008) and in vivo exercise heat stress (Mestre-Alfaro et at 2012) this 
likely goes some way to explaining the observed responses. Methodological differences 
could also explain the difTerential responses because. PBMCs sampled by tI,,1arshalf et al 
(2007) predominantly consist of granulocytes which have a much smaller HSP72 
response than monocytes f()lIowing I!X vivo heat shock (Oehler et al. 2001) and exercise 
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heat stress (Fehrenbach et a1. 2001). Western blotting was used to measure HSP72 
immediately post exercise before the previous peak HSP72 concentrations occurring at 
24 hr post exercise (Fehrenbach et al. 2001). 
Four studies demonstrated HSP72 increases following acute exercise heat stress 
(Fehrenbach et al. 200 I; RueH et al. 2007; Selkirk et al. 2009; Magalhaes et al. 2010). In 
contrast, three recent studies demonstrated that HSP72 did not increase following acute 
exercise heat stress (Marshall et al. 2007; Yamada et al. 2007; Kuennen et a\. 2011). 
Peak Tre (average 38.9 0c) (Selkirk ct aL 2009) and exercise intensity (average 48 % 
V02peak) (Liu et al. 2000) factors associated with HSP72 induction were lower than 
within the studies where HSP72 increases were observed (Marshall et al. 2007; Yamada 
et a1. 2007; Kuennen et al. 20 I I) and therefore, are likely a factor in HSP72 not being 
induced. The tissue and technique utilised could also explain the divergent responses as 
studies where HSP72 did not increase used the least responsive tissue (PBMCs) and 
techniques for determining HSP72 (western blotting), while those papers which 
observed increases sampled responsive tissues (monocytes or lymphocytes) and utilised 
sensitive techniques (flow cytometry). 
One study investigated whether HSP72 increases following acute exercise heat stress 
were greater than exercise in temperate conditions. Similar increases were observed in 
both environmental conditions immediately post exercise (Fehrenbach et al. 2001). 
However, HSP72 increases \vere greater at 24 hrs and 48 hrs tollowing exercise in hot 
conditions (Fehrenbach et al. 200 I). After 6 d rest, both groups completed an identical 
experimental trial of exercise in a hot. environment. However, HSpn did not increase in 
the temperate group despite the greater thermal strain induced by the elevated 
environmental temperature and similar Hsp72 mRNA increases observed (Fehrenbach 
et a1. 200 I). Potential reasons could be exercise being allowed between experimental 
trials (Morton et at 2006), an unknown heat acclimation history (McClung et al. 200S) 
or history of heat intolerance (Moran ct a!. 2006) all factors \vhich effect the HSP72 
response and were not controlled for. Therefore. the HSP72 response of the temperate 
group places doubt over the conclusions of this study that l.lcute exercise heat stress 
induces a further HSP72 increase cornpared to exercise in a tempemte environment 
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Table 2.3 Intracellular Hsp72 mRNA and HSP72 response to acute exertional heat stress 
Authors Intervention Tissue Technigue Results 
(Fehrenbach et al. 2 x 60 min run at 90% IAT [1 week between]. PBMC RT-PCR PBMC Hsp72 mRNA i IP 
2001) NH 1,. run at 18°C. 2nd run at 28°C. 50% RH. G.Ly FC M i HSP72 IP. 24 hrs & 48 hrs 
HH Both runs at 28°C, 50% RH. M 
(Kuennen et aI. 20 II) Heat tolerance test 45 min running at 50 % PBMC WB N/C HSP72. 
V02peHk in 47°C, 20% RH. 
(MagalMes et al. Heat stress test (90 min running at 50 % PBMC WB i HSP72 IP & I hr post ~ 200 % & ~350 % 
2010) V02pt'"k) in 40°C, 45% RH. 
(Marshall et al. 2007) 2 hrs cycling at 38% V02p~k in 38°C, 60% PBMC QPCR, WB i Hsp72 mRNA IP (~275%) N/C HSP72 
RH. 
(Mestre-Alfaro et aI. 4S min nmning at 77% VOZl'e"k in 32°C, 78% Ly QPCR r Hsp72 mRNA IP (14.7 fold) and 2 hrs post 
2012) RH. (4.4 told) compared to basal (0.6 fold) 
(Moran et 81. 1006) 120 min Heat tolerance test {walking at 3.5 Ly RT-PCR r HSP72 at 60 min post. 
mph in 40 "'C, 40% RH. i Hsp72 mRNA at 60 min post. 
(RueH et aI. 2001) 14 km road race (t4.6 °C and 69 % RH) Ly WB t HSP72 at 48 hrs (Control; -177 % patient; 
Control""' runners who finished race. Patient = - 377 %). Core temperature (Control; 40.4 
Runner who collapsed (heat exhaustion). Pc. patient 41.1 0c) 
(Sclkirk ct aI. 20(9) Treadmill walking to EXH (4.5 km.h· l ; :2 % M FC Trained i Hsp72+ cells at 38.5°C (32%), 
incline) in 40 "'C, 3 % RH. 
Wearing nuclear, biological and chemical 
39°C (36%), 39.5 °C (37 %) & EXH (37%). 
Untrained N/C Hsp72+ cells Vs basal. i Vs 
protective overgarment. Trained at basal & 38°C. 
(Watkins et aI. 2007) 60 min cycling at 70010 V021M" in 39 "c, 27% VL WB N/C HSP72 
RH. 
(Yamada et at 20(7) 100 min running at 56% V02peak in 43°C, 27% PBMC WB N/S HSP72 t 161% (lP) 
RH. 
ELISA (EnZyme linked immunosorbent assayj,Ex~i-(Exhaustion), Fe (Flow cytometry), G (Granulocytes), HH (Hypelthermia precondition group), HSP72 
(Hl'Ut shock protein 72), Hsp72 mRNA (Heat shock protein 72 mRNA), IAT (individual anaerobic threshold), IP (Immediately post exercise), km.h-1 
(kilometres per hour), L (Leukocytes), Ly (Lymphocytes). M (Monocytes), N/C (No change), N/S (Non significant), NH (Normothermic preconditioning 
group), NlS (non significant). PBMC (Peripheral blood mononuclear cells), QPCR (Quantitative polymerase chain reaction), RH (Relative humidity), RT-PCR 
(Refll time polymerase chain reaction). VL (Vastus lateralis), Iio2peak (Maximum oxygen uptake), WB (Western blotting). 
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2.54 Heat shock protein 90 a response to exercise induced stressors 
Vastus lateralis Hsp90a mRNA increases have been observed following acute 
endurance exercise with a single study demonstrating a 6.1 fold increase 3 hrs post 
exercise (Neubauer et al. 2014). Although, this demonstrates Hsp90a mRNA is exercise 
responsive within skeletal muscle any increase requires verification via the gold 
standard measure of real time - quantitative peR (RT-QPCR) because a microarray was 
utilised (Mahoney et al. 2(08) a technique with a high level of intra and inter-individual 
variability (Bakay et al. 2002; Mahoney et al. 2004; Wittwer et al. 2004). Leukocyte 
Hsp90a mRNA also increased following acute exercise (30 min cycling) with a 1.5 fold 
increase observed (Connolly et al. 2004) and acute exercise heat stress with a 200 % 
increase observed (Moran et a\. 2006). Data regarding whether the demonstrated 
Hsp90a mRNA responses are translated to elevated HSP90 protein concentrations are 
presently equivocal within two studies demonstrating no change following exercise 
(Fehrenbach et al. 2000; Shastry et a!. 2002) while a third study demonstrated an 
increase (Brunelli et a\. 2012). These contrasting results could be because trained 
athletes were used (Fehrenbach et al. 2000) who appear to have an attenuated cellular 
stress response following exercise (Morton et al. 20(8). The use of exercise trials set at 
% V02max (Shastry et a!. 2002) would induce large differences in metabolic strain 
between participants inducing a variable HSP90 response, while examining HSP90 
concentrations at 15 hrs and 24 hrs post exercise could have missed earlier increases. In 
contrast when participants exercised at a higher exercise intensity BSP90 concentrations 
increased (Brunelli et al. 2012) probably via elevated heat production as previously 
demonstrated during fixed duration steady state exercise at different exercise intensities 
(Smolander et at 1991). The greater thermal strain could have elevated protein 
denaturation (Tre dependent) (Mestre-Alfaro et a!. 2012) and induced HSP90. 
2.55 Glucose regulated ,Qrotein 78 response to exercise induced strcssors 
The Grp78 mRNA response has only been investigated following acute endurance 
exercise within the vastus lateralis with a single study demonstrating a 2.7 fold increase 
3 hrs post exercise (Neubauer et al. 2014). Although. this an interesting development 
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demonstrating Grp78 mRNA is responSlve In skeletal muscle for the first time, 
verification via real time - quantitative peR (RT-QPCR) is required (Mahoney et a!. 
2008). At a protein level GRP78 appears to be responsive within neutrophils 
(predominant leukocyte subset) as increases of ~ 150 % were observed following 8 
weeks of cycling at 70 % V02max for 30 min. 5 days a week (Su et al. 2011). However, 
the Grp78 mRNA or GRP78 responses have not been investigated following acute 
exercise heat stress and therefore. further research is required to determine the 
suitability of Grp78 mRNA as a marker ofthermotolerance. 
2.56 Summary of exercise induced HSP response 
In conclusion, Hsp72 mRNA expression and HSP72 concentrations are increased 
following exercise (within vastus lateralis and leukocytes), ElMO (within the vastus 
lateralis) and exercise heat stress (within leukocytes). Limitations of the current 
literature preclude conclusions as to whether combining stressors augments any HSP72 
increases compared to singular stressors (e.g. exercise, EIMD, exercise heat stress). 
Therefore, the best stressor to include within an acute preconditioning trial to induce 
HSP72 mediated thermotolerance is unknown. 
Transcription of Hsp90a. mRNA increases following exercise (within leukocytes and the 
vastus lateralis) and exercise heat stress (within leukocytes). The Hsp90a mRNA 
response to EIMD and exercise heat stress (within the vastus lateralis) is unknown. 
Vastus lateralis Grp78 mRNA increase foltO\ving exercise but the response following 
EIMD and exercise heat stress is unknown. 
The Grp94 mRNA response to any exercise induced stressor is unknown. Therefore it is 
unclear which exercise induced stressor induces the largest Hsp90a mRNA, Grp78 
mRNA and Grp94 mRNA increases. 
Further, it is unclear whether Hsp90a mRNA. Grp78 mRNA and Grp94 mRNA can be 
used as markers of them'lowlerancc. Table 2.4 summarises the heat shock protein 
system response to exercise induced stressors. 
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Table 2.4 Tissue specific response of the heat shock protein system to exercise induced 
stressors 
Exercise ElMO EHS 
Leukocytes Skeletal Leukocytes Skeletal Leukocytes Skeletal 
muscle muscle muscle 
Hsp72 mRNA i i Xii X 
HSP72 i i ii Unclear 
Hsp90a. mRNA i? i X X i X 
HSP90 i X X X X X 
Grp78 mRNA X i X X X X 
Grp94 mRNA X X X X X X 
i (evidence for increases), i? (Likely increases although data from studies with critical methodological 
flaws), Unclear (evidence equivocal or existing studies critically flawed), X (response not investigated). 
Experimental considerations 
The literature review highlighted these important experimental design considerations: 
i) 	 Muscle biopsies should be obtained far enough apart (3 cm) to avoid the 
effects of muscle damage induced by previous biopsies (Khassaf et a1. 2001). 
ii) 	 Exercise intensities should be based upon the lactate threshold rather than as 
a percentage of V02max to minimise variation in metabolic strain (Baldwin et 
al. 2000) a key factor associated with HSP72 induction (Liu et a1. 2000). 
iii) 	 Muscle biopsies should be obtained at 24 hr and 48 hrs to ensure peak 
HSP72 increases are determined (Tupling et al. 2007). 
iv) Importance of experimental controls to reduce variability of HSP response. 
v) Venous blood samples should be obtained immediately post exercise where 
Hsp72 mRNA (Fehrenbach et a1. 2001; Walsh et al. 2001) and Hsp90a. 
mRNA expression (Moran et aJ. 2006) increases were previously observed. 
vi) 	 Venous blood samples should be obtained 3 hrs and 24 hrs post exercise 
because Grp78 mRNA and Grp94 mRNA increases occur later within in 
vitro models (Ron and \Valter 2007; Heldens et aL 2011) and at 3hrs post 
exercise within the single human study conducted (Neubauer et ai. 2014). 
vii) 	 Downhill running should be used as it increases EIMD (Feasson et a1. 2002). 
thennal strain and Hsp72 mRNA (Thompson et ai. 2003). To induce ElMO 
via isokinetic muscle contractions would require passive heating which does 
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not induce HSP72 within humans in the vastus lateralis (Morton et a1. 2007) 

or PBMCs (Lovell et al. 2008). 

2.6 Overall summary 
The literature review suggests investigating the validity of an exercise based acute 
preconditioning trial is warranted in situations where time limitations preclude heat 
acclimation, because existing acute interventions either have limited ecological validity 
or require further research to ensure exertional heat illness risk is not increased. 
An acute trial of downhill running in a hot environment could be a suitable intervention 
to attenuate exercising Tre and elevate basal HSP72 concentrations. While, Hsp90a 
mRNA, Grp78 mRNA and Grp94 mRNA are potentially markers ofthermotolerance. 
Therefore the objective of this series of experiments were to: 
i) 	 Detennine whether downhill running and exercise in a hot environment 

induced larger exercising T re, leukocyte Hsp72 mRNA, Hsp90a mRNA, 

·,iGrp78 mRNA and Grp94 mRNA increases than flat running and exercise in 

a temperate environment. 

ii) 	 Determine whether dO'vvnhill running in a hot environment induces a reduces 

exercising Tn:, heart rate and delayed onset muscle soreness (DOMS) during 

an identical experimental trial completed 7 d later. 

jii) 	 Detennine whether downhill running in a hot environment attenuates the 

cellular stress response (attenuated thp72 mRNA. Hsp90« mRNA, Grp78 

mRNA and Grp94 mRNA response) in either the vastus lateralis or 

leukocytes during an idcnticalcxperimental tria! 7 d later. 

iv) 	 Determine whether dovmhill running in a hot environment increases basal 

HSP72 concentrations. 

v) 	 Detennine whether the leukocyte Hsp72 mRNA, Hsp900: mRNA, Grp78 

mRNA and Grp94 mRNA can be used as a surrogate for changes in vastus 

lateralis Hsp72 mRNA, Hsp9& mRNA. Grp78 mRNA and Grp94 mRNA. 
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Chapter 3 General methods. 
3.1 Participants and anthropometric data 
3.11 Participants 
Experiments within this thesis were conducted on recreationally active males aged 
between 18 and 25 yr old (See experimental chapters for specific details). Participants 
were non smokers as cigarette smoke increases basal HSP72 (Anbarasi et al. 2006). 
3.12 Anthropometric data 
Body mass (kg), height (em), muscle mass (%) and fat mass (%) were used as 
descriptive data and to allocate participants to experimental groups. Each respective 
variable was measured using a single mechanical scale (Weylux Marsden 424, Henley 
on Thames, UK), a stadiometer OIarpenden HAR- 98.602) and air displacement 
plethysmology (Bod Pod 2000A. Cosmed, Concord. California). 
3.2 Experimental design 
3.21 Measurement of lactate threshold & V02li:tlk'i 
The LT and VOlmax were quantified prior to each experiment using a graded treadmill 
test. This consisted of 6~8 incremental 3 min stages at a 1% gradient. Participants 
started running at 8-9 km.h'l and running velocity was increased by 1 km.h·! per stage 
until exhaustion (Jones 2007). Finger tip capillary blood lactate samples (40 JlL) were 
taken at rest and at the end of each 3 min stage allowing L T to be detennined by 
plotting blood lactate concentrations (B[Laj) against mIming velocity. Lactate threshold 
was defined as the first sustained increase in BtLa] above baseline (Jones, 2007). 
Pulmonary gas exchange was measured breath by breath using an online gas analysis 
system (Cortex Metalyser 28. Bi<)physik, Leipzig. Germany) to measure changes in 
oxygen uptake (V02) with the highest VOl attained over a 30 s period accepted as 
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V02max (Jones, 2007). The inter test co-efficient of variation (CV) for this test is 
presented below in table 3.1. 
Table 3.1 Graded treadmill test coefficient of variation 
Variable Unit CV(%) 
Lactate threshold (Velocity) km.h· 1 o 
·-1I k Lactate threshold (V02) m. g.mm 1.6 
V02max (Velocity) km.h- 1 2.0 
ml.kg.min- j 1.7V02max 
3.22 Familiarisation to downhill running. 
15 min after the V02max test was completed the downhill running velocity of each 
participant was determined. Participants ran either three stages lasting 2:30 - 4 min 
(until V02 uptake reached a plateau) downhill (-10% gradient). Participants ran at 3, 3.5 
and 4 km.h-! faster than the velocity \vhich elicited LT on a 1% gradient as these 
velocities elicited a similar steady state V02 consumption during pilot testing and within 
previous literature (Park ct ai, 2011). The velocity at which the same steady state V02 
was elicited was used for the downhill experimental trials. 
3.23 Experimental trials 
Experimental trials were completed in an environmental chamber (WatFlow control 
system; TISS, custom built. Hampshire. UK). Environmental conditions (ambient 
temperature and relative humidity) were monitored continuously using a calibrated 
handheld hygrometer/themlOmeter (Coroark N006, Hertfordshire, UK) and via the 
thermometer and hygrometer linked to the chamber control panel. Average 
environmental conditions were 30.4 ± 0.4 0(' and 51.2 :I: 1.5 % RH at 30°C, 50 % RH 
and 20.1 ± 0.1 °C and 50.6 ± 1.3 % RH at 20 50%RH. 
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3.3 Exercise physiology measurements & apparatus 
3.31 Determination of blood lactate concentrations 
Fingertip capillary whole blood samples were obtained to determine B[La] and blood 
glucose (B[Glu]) concentrations. For B[LaJ sampling the fingertip was cleaned with an 
alcohol swab and allowed to air dry. The skin was then punctured with an automated 
lancet (Haemolance, Prospect Diagnostics, Dronfield, UK), the first drop of blood was 
wiped away and the free flowing sample collected into a lithium heparin coated 
capillary tube (Analox, Stokesley, UK). The capillary tube was tilted back and forth for 
60 s to mix the sample with the lithium heparin additive and then analysed immediately 
with an automated analyser (YSI 2300 Stat Plus, YSl, Fleet, UK) calibrated using the 
manufacturers standard (lactate reagent 8 mmor I, Analox, Stokes ley, UK). The intra­
assay CV for B[G1u] was 2.65%. 
To measure B[Glu] capillary blood was collected into a lithium heparin coated tube 
(Microvette CB300, Sarstedt Ltd, L.eicester. UK) and was analysed immediately with an 
automated analyser (YSI 2300 Stat Plus, YSI, Fleet, UK) calibrated using the 
manufacturers standard (glucose reagent 8 mmor i , Analox). The intra-assay CV for 
B[Glu] was 3.23 %. 
3.32 Determination of oxvgen uptake 
Pulmonary gas exchange was measured breath by breath using an online gas analysis 
system (Cortex Metalyser 2B, Biophysik. Leipzig, Germany) to measure changes in 
V02• During the experimental trials V02 was averaged over 5 s periods. The average of 
six 5 s periods (30 s total) from 15 s before to 15 s after each time interval were taken as 
the oxygen uptake at that time interval. 
3.33 Measurement of Heart rate and subjes:tive mea.<;ures 
Heart rate was recorded continuously from a Polar telemetric HR monitor (attached to 
the chest) onto the cortex mctalyser while Rate of Perceived Exertion (RPE) (Borg 
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1970) and Thermal Sensation (TS) (Toner et al. 1986) were measured at rest and every 
5 min during experimental conditions. 
3.34 Rectal temperature 
Rectal Temperature (Tre) was measured continuously using a rectal thermistor (Tre; 
Henleys 400H/4491 H, Welwyn Garden City, UK) inserted 10cm past the anal sphincter. 
The signal was amplified and measured using a temperature monitor (ET402, Libra 
Medical, Reading, UK). This temperature monitor was calibrated using resistance 
standards traceable to the national institute of standards and technology and was within 
the suggested limit of± 0.015 °C at 0 DC (- 0.003 °C), 40°C (39.997 0c) and ± 0.030 
°C at 80°C (79.977 0c). Rectal thermistors had an accuracy of ± 0.2 °C during 
manufacturer testing. Participants were removed from the environmental chamber if Tre 
reached the ethical safety limit of 39.7 °C or core temperature increased by 2 °C from 
resting, as recommended by the institutional ethical board. 
3.35 Skin temperature 
Thermistors (EUS-U-VS5-0. Grant Instruments, Carnbridge, UK) were attached to the 
pectoralis major. triceps brachii (lateral head), rectus femoris and gastrocnemius (lateral 
head) on the right side of the body {when stood in the anatomical position (Ramanathan 
1964») and skin temperature (Tsk) was recorded continuously via a data logger (Squirrel 
meter logger, Grant Instruments, Cambridge, UK). Mean skin temperature was 
calculated from equation 1.0 (Ramanathan 1964). 
Equation 1.0. Calculation of mean skin temperature 
The squirrel system (data logger and 4 thennistors) v.ere calibrated at a UKAS 
accredited calibration laboratory (Trescal Ltd) against reference temperature of 10 °C 
and 40°C with an average difference ofO.051oC and 0.284 °C observed. 
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3.36 Measurements of delayed onset muscle soreness 
Non invasive measures of delayed onset muscle soreness (DOMS) were recorded 
immediately before (basal), immediately post, 3 hrs post, 24 hrs post (experimental 
chapter 1 and 2; chapter 4 and 5) and 48 hrs (chapter 5) post exercise to infer whether 
ElMO had occurred. Quadriceps tenderness was measured in accordance with a 
previously validated method using an analogue force gauge (Cleary et al. 2006). 
Quadriceps tenderness was always measured on the non-biopsied leg due to the 
lidocaine induced elevation of the pain threshold (Jensen et al. 1986). Sampling 
locations were always within the belly of each muscle as distal and proximal locations 
have a lower pain threshold at rest and a more viable tenderness response (Baker et al. 
1997). Within this laboratory this method had a CY of 3.17 %. Perceived muscle 
soreness was measured using the visual analogue scale of pain (Y AS) and was assessed 
along a 10 cm scale (0 = no soreness, 10 == extreme soreness). Within this laboratory 
this method had a CV of 1.2 %. 
3.37 Body mass and urine osmolarity (UOsm) 
Before experimental trials each participant's body mass (wearing underwear only) was 
obtained using a single mechanical scale (Weylux Marsden 424, Henley on Thames, 
UK). Hydration status was measured using a handheld digital refractometer 
(Osmocheck, Vitech Scientific Ltd, Horsham, tJK). Participants were classified as 
euhydrated if UOsm was between 200 and 600 mOsmois.kg H20 (Armstrong et a1. 
1994). If dehydrated the experimenter instructed the participant to consume 250 - 500 
mL of water (H20) prior to a retest 30 min later. All participants were euhydrated prior 
to commencing experimental trials. 
3.38 Plasma Volume 
Haematocrit (Het) and haemoglobin (Hb) were measured from fingertip capillary blood 
samples obtained before experimental trials after participants had been in a standing 
posture for 20 min to standardise posture mediated PV variations (Hagan et al. 1978). 
Fingertip capillary whole blood samples were obtained in triplicate into heparinised 
, 
, 
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capillary tubes (Hawksley & Sons Ltd, UK, Lancing, UK) which were centrifuged at 
5,000 RPM for 5 min (Hawksley Micro Haematocrit centrifuge, Hawksley & Sons Ltd, 
UK, Lancing, UK) and read from the Hawksley Micro haematocrit reader (Hawksley & 
Sons Ltd, UK, Lancing, UK) to determine Hct. Triplicate samples were obtained with 
microcurvettes and were measured on B-Haemoglobin photometer (Hb 201+, Hemocue 
Ltd, Dronfield, UK) calibrated with a standard 128 gHB rl to determine Hb 
concentrations. Plasma volume was estimated using equation 1.1: 
Equation 1.\: Calculation of plasma volume (Dill and Costill 1974) 
Blood volume rest day 1 lOO %. 
Blood volume Rest day 7 Blood volume day 1 * (Hb da.v 1/ Hb day 7). 
Red cell volume % "" hlood volume * (l!crll 00) 
Plasma volume % = Mood ""olume % red cell volume %. 
Day 1 is before either the TPGTEMPFl.AT or HPGHOTDOwNI experimental trials while 
Day 7 is before the TPGHOTrxlwN or HPGHOTrx)WNZ experimental trials (dependent on 
whether participants are within the temperate or hot preconditioning groups). This 
method has been used during previous studies to determine resting PV changes over I
multiple days during non exercising (control) conditions, exercise training and heat 
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acclimation (Nielsen et a!. 1993; Lorenzo et al. 2010; Racinais et a1. 2012; Garrett et al. , 

2014). The intra-assay CV for Hb and Het measurements were 2.31 % and 1.37 % 

respectively. II 

3.4 Molecular Physiology measurements & apparatus 
3.41 Leukocyte isolation & RNA extraction 
Venous blood was obtained from the antecubital vein into a 6 roL EDTA tube {K2, 
Grenier Bio One}. Using an adaptation of a previously validate,'<.i method (Sandstroem et 
al. 2009). 500 p.L of venous blo(.ld was pipetted into to mL of 1 in 10 n::d blood cell 
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lysis solution (1 OX red blood Cell Lysis Solution, Miltenyi Biotech, UK). Samples were 
incubated for 15 min at room temperature and then isolated via centrifugation at 400 G 
for 5 min and washed twice in 2 mL PBS at 400 G for 5 min. A previously validated 
method was used to extract RNA from the leukocytes (Chomczynski and Sacchi 1987). 
TRI-reagent (200 ilL; Sigma Aldrich, Poole, Dorset) was added and samples were 
incubated on ice for 10 min. Chloroform (40 ilL; Sigma Aldrich, Poole, Dorset) was 
added and each sample was vortexed for 15 s prior to the centrifugation of samples at 
17,000 G for 15 min. The aqueous layer containing the RNA was then removed and 
placed in a separate 1.5 mL centrifuge tube to which an equal amount (- 100 ilL) of 
isopropanol (Sigma Aldrich, Poole, Dorset) was added. Samples were then vortexed for 
15 s, placed on ice for 15 min and centrifuged for 15 min at 17,000 G. The supernatant 
was then discarded and the RNA pellet was washed with 100 ilL 75% ethanol (Sigma 
Aldrich, Poole, Dorset) and centrifuged for 8 min at 5,400 G. The ethanol was then 
discarded and the samples were centrifuged for a further 30 s at J7,000 G to spin any 
remaining supernatant to the bottom of the tube for removal via pipetting. The RNA 
pellet was air dried for 10 min prior to being resuspended in 50 ilL of RNA storage 
solution (The RNA storage Solution, Ambion). Quantity was determined at an optical 
density of 260 nm while quality was determined via the 2601 280 and 2601 230 ratios 
using a nanodrop spectrophotometer (Nanodrop 2000c Thenno Scientific), 
3.42 Muscle Biopsv procedure 
Muscle biopsies (approximately 20-30 mg) were obtained from the lateral portion of the 
vastus lateralis under local anaesthetic (3-5 O1L 2% 100mgl 5ml Lidocaine 
hydrochloride) using a Bard Monopty Disposable Core Biopsy Instrument J2 G x 10 em 
length (Bard medicaL Crawley. UK). All muscle biopsies \'icre performed by qualified 
surgeons from Milton Keynes General Hospital. Samples were frozen immediately with 
liquid nitrogen and placed in a ,- 80 "C freezer until further analysis. Each biopsy was 
performed 3 em distal to each previ<ms incision to ensure muscle damage from previous 
incisions did not innuence the Hsp72 mRNA. Hsp90a mRNA, Grp78 mRNA and 
Grp94 mRNA or HSP72 responses (Khassafet al. 2001). 
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3.43 Skeletal muscle RNA extraction 
A 20-30 mg piece of frozen tissue was ground to powder under liquid nitrogen, 
homogenised (IKA TI0 basic homogeniser, Fisher Scientific, Loughborough, UK) in 1 
mL of Trizol reagent and incubated on ice for 10 min. Chloroform (200 ilL; Sigma 
Aldrich, Poole, Dorset) was added and each sample was vortexed for 15 s and then 
incubated for 10 min on ice before centrifugation at 17,000 G for 15 min. The aqueous 
layer containing the RNA was then removed and placed in a separate 1.5 mL centrifuge 
tube into which an equal amount (400-600 /-lL) of isopropanol (Sigma Aldrich, Poole, 
Dorset) was added. Samples were then vortexed for 15 s. placed on ice for 15 min and 
centrifuged for 15 min at 17.000 G. The supernatant was then discarded and the RNA 
pellet was washed with 800 /-lL 75% ethanol (Sigma Aldrich, Poole, Dorset) and 
centrifuged for 8 min at 5,400 O. The ethanol was then discarded and the samples were 
centrifuged for a further 30 s at 17,000 G to spin any remaining supernatant to the 
bottom of the tube for removal via pipetting. The RN A pellet was air dried for 10 min 
prior to being resuspended in 50 /-lL of RNA storage solution (The RNA storage 
Solution, Ambion). Quantity was determined at an optical density of 260 nm while 
quality was determined via the 2601 280 and 2601 230 ratios using a nanodrop 
spectrophotometer (Nanodrop 2000c Thermo Scientific). 
3.44 One step reverse transcription quantitative polvmerase chain reaction (RT-OPCR) 
Primers (see table 3.2) were designed using primer design sofuvare (Primer Quest and 
Oligoanalyzer - Integrated DNA technologies). During primer design sequence 
homology searches were performed against the Genbank database to ensure the primers 
matched the gene of interest. Primers were designed to span exon-intron boundaries and 
avoided three or more GC bases within the last 5 bases at the 3' end of primer to avoid 
non specific binding. Further searches were perf()fmed to ensure primers did not contain 
secondary structures and inter or intra molecular interactions (hairpins, self-dimer and 
cross dimers) which can inhibit product amplification. Primer sets were validated via 
conventional peR and agaro~ gel electrophoresis to ensure the CDrrect product size was 
amplified. Hsp relative mRNA expression (Hsp) was thenquant.ified using RT-QPCR. 
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20 ilL reactions containing 10 ilL SYBR-Green RT-PCR Mastermix (Quanti fast 
SYBRgreen Kit, Qiagen), 0.15 ilL forward primer, 0.15 ilL reverse primer, 0.2 ilL 
reverse transcription mix (Quantifast RT Mix, Qiagen) and 9.5 ilL sample (70 ng 
RNA/Ill) were prepared using the Qiagility automated pipetting system (Qiagen, 
Crawley, UK). Each reaction was amplified in a thermal cycler (Rotorgene Q, Qiagen) ~"ll!if1.'i!1t4 
and involved reverse transcription lasting 10 min at 50°C and a transcriptase 
inactivation and initial denaturation phase lasting 5 min at 95°C. The PCR reaction then 
followed with a denaturation step lasting lOs at 95°C and a primer annealing and 
extension stage lasting 30 sat 60°C repeated for 40 cycles. Fluorescence was measured 
following each cycle as a result of the incorporation of SYBR green dye into the 
amplified peR product. Melt curves (50 to 95°C; Ramp protocol 5s stages) were 
analysed for each reaction to ensure only the single gene of interest was amplified. 
Table 3.2 Primer sequences. 
Gene NCBI Primer Sequence (5' ~ 3') Amplicon 
Accession # leng!h 
~2- NM 004048 Forward CCGTGTGAACCATGTGACT 91 
Microglobulin Reverse TGCGGCATCTTCAAACCT 
(~2-M) 
Grp78 NM 005347 Forward TGGAGGTGGGCAAACAAAGACA 154 
Reverse TGCTTGGCGTTGGGCATCATTA 
Grp94 NM 003299 Forward ACGGGCAAGGACATCTCTACAA 171 
Reverse TGACCGAAGCGTTGCTGTTT 
Hsp72 NM_OO5345 Forward CGCAACGTGCTCATCTTTGA 198 
Reverse TCGCTTGTTCTGGCTGATGT 
Hsp90a NM OOI01? Forward AAACTGCGCTCCTGTCTTCT 180 
(variant 1 & 963 & Reverse TGCGTGATGTGTCGTCATCT 
variant 2} NM 005348 
3' (3 plimer end), 5' (5 primer end). Grp78 (Glucose regulated protein 78). Grp94 (Glucose regulated 

protein 94), Hsp72 (Heat shock protein 72), Hsp90a (Heat shock protein 90 a). 

The relative quantification of mRNA expression for each sample was assessed by 
determining the ratio between the Cr value for the gene of interest and the Gr values for 
~2-Microglobulin (See equation 1.2). Fold change in relative mRNA expression was 
calculated using the 2_'~lICT method (See equation 1.2) (Schmittgen and Livak 2008). 
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Equation 1.2 Delta Delta Ct (,~~CT) (Schmittgen and Livak 2008) 
Equation 1: ~CT == Mean C r (Gene of interest, experimental sample) - Mean CT 
(Housekeeping gene, experimental sample). 
Equation 2: ~CI = Mean CT (Gene of interest, calibrator) - Mean CT (Housekeeping 
gene, calibrator). 
Equation 3: .6.~CT =: .6.Cr of equation 1 - .6.Cr of equation 2. 
Equation 4: 2"61\(T (gives a normalised expression ratio). 
The mean C r is the average CT of a gene at a specific time point in duplicate. The 
calibrator is the sample \vhich was given a value of 1.0 fold and which all other time 
points are expressed relative to. The experimental sample is any time point or condition 
other than the calibrator. 
The intra-assay CV for ~2-M mR:--.lA. Hsp72 mRNA, Hsp90a mRNA, Grp78 mRNA 
and Grp94 mRNA were 0.55 (Vo, 0.34 %, 0.28 %, 0.37 % and 0.38 % respectively. 
3.45 Reference gene selection 
~2-Microglobulin (~2-M) was selected because it is stable following endurance and 
resistance exercise for up to 24 hrs post exercise in human skeletal muscle in vivo 
(Mahoney et al. 2004). Stability of ~2~M was confirmed within the current experimental 
design. Raw Cr values for ~2-M from all conditions were pooled and analysed over the 
experimental time course in the VL (figure 3.1) and leukocytes (figure 3.2). Differences 
were analysed using a one factor linear mixed model for each individual tissue of 
interest. Neither vastus lateralis f32-M (F =0.693, P = 0599; figure 3.1) or leukocyte ~2-
M (F = 1.244, P 0.30(l; figure 3.2) changed with time as a main effects. Pairwise 
comparisons between individual timepoints were p > 0.999 for VL l32-M. Pairwise 
comparisons between bas.. 1 tmd inunediate post exercise \1I.cre p ::::: 0.529 and p > 0.999 
for all other times for leukocyte \i2-M. This sllggests~2-M is a suitable reference gene. 
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Figure 3.1 Vastus lateralis p2-Microglobulin raw C r values. median (interquartile range) immediately 
before (basal). immediately post (IP), 3 hrs post (3 hrs), 24 hrs post (24 hrs) and 48 hrs post exercise (48 
hrs). 
-
- AI conditions (pcloIcd) 
II' 241 ... 5 4SIII'S 
Figure 3.2 Leukocyte f52-Microglobulin raw CT values, median (interquartile range) immediately before 
(basal). immediately post (lP), 3 hrs post (3 Ius), 24 hrs post (24 hrs) and 48 hrs post exercise (48 hrs). 
3.5 Protein extraction and \\'estem Blotting 
3.51 Protein extraction from skeletal muscle samples 
A 20-30 mg piece of frozen tissue \\las ground to powder under liquid nitrogen and 
homogenised (lKA TIO basic homogeniser. Fisher Scientific, Loughborough, UK) in 
120 JlL of ice cold protein lysis bufter (See table 3.3). Homogenates were centrifuged at 
17,000 G for I() min and the: supernatant was collected and frozen at ~80°C until use. 
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The protein content of the supernatant was detennined in triplicate using a Pierce 660 
nm protein assay (Thermoscientific, USA). A range of protein standards (0- 2000 J.!g/ 
mL) were prepared from pre prepared bovine serum albumin (BSA) standards supplied 
with the pierce 660 nm protein assay. A standard or sample (4 ilL) and 60 ilL of Pierce 
660 nm reagent were added to each well on a 96 well plate, and were mixed and 
incubated for 5 min at room temperature. Absorbance was read at 660 nm on a plate 
reader (Thermoscientific Varioskan Flash) and the protein concentration was calculated 
from the standard curve. 
Table 3.3 Protein lvsis buffer in!!redicnts. 
Buffer Ingredients 
Protein lysis buffer 25mM Tris/Hel [pH 7.4).50 mM sodium fluoride (NaF), 100 mM 
sodium chloride (NaCl), 5 mM EGTA, I mM EDTA, 5 mM Na­
Pyrophosphatase. I mM sodium orthovanadate (Na3 V04), 0.27 M 
Sucrose. I % triton X-100, 0.] % 2-mercaptoethanol and 1 
protease inhibitor tablet (Complete mini, Roche Applied Science, 
West Sussex, UK). 
EDTA (Ethylenediaminetetraacetic acid), EGTA <Ethylene glycol-bis{2-aminoethylether)-N,N,N',N'­
tetraacetic acid). mM (millimolar}. 
3.52 Protein separation via sodium dodecvl sulphate polyacrylamide gel electrophoresis 
(SDS-PAGE} 
Protein samples were thawed on ice. and !;pun for 2 min at t 4,000 G to pellet any 
cellular debris. Protein samples (40 IJ.g) \vcre then placed in a new tube, mixed I: 1 with 
sample buffer (see table 3.3) and boiled fbr 5 min at 100"(, on a heat block (Techne Dri­
Block DB-3, Bibby Scientific, SUmc, tJK). Samples in duplicate and a biotinlyated 
protein detection ladder (Cell Signalling 77275. New England Biolabs, Hitchin, UK) 
were then immediately loaded on to self cast gels (4 ~.'O stacking and 12% resolving) and 
separated via SDS-PAGE (Biorad Mini Protean system. Heme! Hempstead, UK) in 1 X 
Tris-Glycine running buffer (see table 3.4). Samples were run at 80V until the 
bromophenol dye reached the end of the stacking gel (stack line) to ensure all proteins 
were together prior to separation. Electrophoresis then continued at 120V until the 
bromophenol dye reached the bottom the re~olving gel. 
53 

Figure 3.3 Coomassie blue stain showing protein separation following SOS-PAGE. 
Table 3.4 SOS-PAGE reagents. 
Buffer Ingredients 
Tris-HCI 1.5 M pH 36.342g Tris Base , 200 ml dH20, adj ust pH to 8.8 . 
8.8 
Tris HCI I M pH 24.228g Tris Base, 200 ml dH 20, adjust pH to 6.8 . 
6.8 
Resolving gel 6.7 ml dH20, 8 mL acrylamide (30% w/v ), 5 mL 1.5M Tris-HeI, 
(20 ml; 12 %) 0.2 ml sodium dodecyl sulphate (SDS ; 1O% W/v), 0 .1 mL 
ammonium persulphate (APS), 10 f..l L tetramethylethylenediamine 
(TEMEO). 
Stacking gel 6.05 ml dH20, 1.3 mL acrylamide (30% W/v), 2.5 mll .5M Tr is­
(IOml;4%) Hcl, 0.1 mL SOS (10% W/v), 0.05 mL APS, 10 flL TEMEO. 
Sample buffer 4 ml (25%) dH20 , 1 mL (6.25%) 1M Tris Hcl pH 6.8, 0.8 mL 
(5%) glycerol, 1.6g ( 10 %; W/v) SOS, 0.4 mL (2.5 %) 2­
mercaptoethanol, 0.2 mL (0 .05%; W Iv ) bromophenol blue . 
lOx Tris-G Iycine 30.3g Tris base, l44g glyc ine, 109 SOS in lL dH20. 
buffer 
dH20 (distilled water), W/y (mass concentration). 
3.53 Protein transfer and w st rn blot 
Following the SDS-PAGE the resolving gel was placed on top of a nitroce ll ulose 
membrane (Whatman Protran BA79, Sigma, Poole, Dorset). The gel and membrane 
were then sandwiched between two layers of fi lter paper (Biorad Criteri n blotter Filter 
paper, Hemel Hempstead , UK) and a blotter fibre pad (Biorad Criterion blotter Fibre 
pads, Hemel Hempstead , UK) wh ich had been pre soaked in transfe r bu ffer for 10 min 
and placed w ithin the criterion blotter cassette. 
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Figure 3.4 Schematic il lustration of the transfer procedure . 
The cassette was then placed into the transfer apparatus (Biorad C riterion Blotter, 
Hemel Hempstead , UK) and was run for 2 hrs at 35mA in transfer buffer (see table 3. 5) 
to transfer proteins from the resolving gel to the nitrocellulose membrane. Membranes 
were stained with Ponceau-S to confirm protein transfer. 
Figure 3.5. Ponceau-S stain . 
Membranes were then washed 3 x 5 min on a gyrorocker (Stual1 Gyrorocker SSL3, 
Bibby Scientific, Stone, UK) in 10 mL Tris buffered saline-tween (TBST). Membranes 
were blocked at room temperature for 60 min in 10 mL blocking buffer (see table 3.5) 
to minimise background noise during imaging. Membranes were then washed (3 x 5 
min in TBST) and inc ubated overnight (~ 16 hrs) at 4 °C wi th primary antibodies for 
HSP72 (ADI-SI0-SPA; - nzo life sciences, Exeter, UK) or GAPDH (Cell s igna lling 
2118, New ngland Biolabs, Hitchin, UK) at concentrations of 1 :2000 and I : 1 0000 in 
TBST respectively. 
The next morning, membranes were washed again (3 x 5 min in TBST) and incubated at 
room temperature for 60 min in secondary antibodies fo r HSP72 (anti species 
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horseradish peroxidise-conjugated secondary antibody; Sigma A2554, Poole, Dorset) 
diluted 1 :2,000 or GAPDH (anti species horseradish peroxidise-conjugated secondary 
antibody; Bio-rad. UK 170-5046, Hemel Hempstead, UK) diluted 1:20,000. Following a 
further series of washes (3 x 5 min in TBST) membranes were incubated in a 
chemiluminescence liquid (Supersignal, Thermo Fisher Scientific, Rockford, IL, USA) 
for 5 min. Membranes were exposed (30 x 2 s exposures for HSP72 and GAPDH) using 
a Bio-Rad Chemi-doe system. and band densities were determined using Quantity One 
image-analysis software. 
Blots were conducted for HSP72 first. Membranes were then washed (3 x 5 min in 
TBST), incubated w'ithin a stripping buffer (see table 3.5) for 90 min on a gyrorocker 
and then washed (3 x 5 min in TBST). The blot for GAPDH then commenced from the 
it; 
it;l 
I !f ~ 
:1' 
"~ , : ; III
',::: ~~,blocking phase as above. 
;jl" 
, .'1 
Table 3.5 Western blotting butTer and antibody dilution ingredients. 
Buffer Ingredients 
I x Transfer but1er 3.02 g Tris base, 14.4 g glycine, 200 mL methanol, 800 mL 
dH~O. 
10 X TBS (II) 24.2g Tris base, SOg :\aCI, I L dl'hO, pH adjusted to 7.6. 
Blocking butTer 1 mL lOX Tris buffered saline (1'BS). 9 mL dH20, 0.5g milk 
(non fat blotting grade. milk. Biorad), 10 ilL tween 20 (Sigma). 
Primary antibody I mL lOX TBS. 9 m L dlhO. O.3g milk (non fat blotting grade, 

dilution (Hsp72) milk. Biorad), 10 JlL tween 20 (Sigma). 5 ilL Hsp72 primary 

antibody (ADI-81 O-SPA). 
Secondary I mL lOX T8S. 9 mL dH20. O.5g milk (non fat blotting grade. 
antibody dilution milk, Riorad). 10 ~L tween 20 (Sibrma), 1 ilL Sigma A2554 
(Hsp72) secondary antibody. 
Primary antibody 1 mL .0 X TBS. 9 mL dH:'!O, O.Sg milk (non fat blotting grade, 
dilution (GAPDH) milk, Biorad), I 0 ~tl" tween 20 (Sigma), 1 f.l.l GAPDH primary 
,antibody (Cell signalling 2118). 

Secondary I mL lOX TBS, 9 Il'lL dlbO, O.5g milk (non fat blotting grade. 

antibody dilution milk. Biorad), H) pL tween 20 (Sigma). I ~tl Biorad UK 170­
(GAPDH) 5046 secondary antibody. 

Stripping buffer 100 mL dthO. 0.8 g glycine, 0'(}6 g 8DS, 600 ilL Tween-20. pH 

adj~oo t\?..?.~:..~__.._:-_"":""7--=-__'"'7"'"-::-.;;:=:--;:;-;--:--;;--;­
dH20 (distilled water). (lAPDH (Wyct'ialdehydc·3-pho"phate dehydrogenase), HSP72 (Heat shock 

protein 72). SaCl (Sodium .:hloridl.:J, SO!) \Sorliulll dode~:rl sulphate), TBS (Tris buffered saline), TBST 

(Tris buffered saline tween). 
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3.54 Western blotting an tibody optimisation 
Prior to optimisation, the protein concentrati ns of all experimental samples were 
quantified (see section 3.51 - 3.53 for method). The highest protein concentration that 
could be loaded to measure all sample in duplicate was 40 )..lg. Western blots had 
previously been successfully conducted in a collaborating lab (James Morton's lab at 
Liverpool John Moores University) for H P72 with protei n samples loaded at a 
concentration of 50 flg, primary antibody ( nzo life sci nces; ADI-81 0-SPA, Exeter 
UK) diluted 1 :2000 and secondary antibody (Bio-rad, UK 170-5046, I emel Hempstead, 
UK) at 1:20,000. To ensure the viability of these antibody dilutions, samples were 
loaded at protein concentrations of 10 )..lg, 20 Ilg, 30 Ilg and 40 ~lg (figure 3.6) and 
western blotting conducted as per sections 3.52 and 3.53 . Bands were observed at 30 flg 
and 40 flg, with the clearest band observed in the samples loaded at a concentration of 
40 flg (figure 3.7). Therefore, all subsequent experimenta l samples were run at 40 flg. 
To confirm the molecular weight of the HSP72 protein bands. the band ' btained were 
measured relative to a biotinlyated protein detection ladder (Cell Signalling 7727s) via 
the molecular weight analysis tool within the Quantity One image analys is software. 
~_lo__ 1 ___ 1~____ _ ___~_g__~g~ 1 2o_~_g__ I 30 ~g~1 1 40
Figure 3.6 Protein concentrations optimisation experiment. Image showing experiment conducted to 
optimise the protein concentration of experimental samples loaded onto each SDS-PAGE gel to quantify 
HSP72 concentrations . Ilg (microgram). 
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3.55 Housekeeping protein: Rationale for use & validation. 
-
Within experimental chapter 3 (chapter 6) HSP72 was normalised to GAPDH. This 
ensured any HSP72 changes observed were not caused by variations in the amount of 
sample loaded. To confirm GAPDH stability within the current experimental design, 
data showing the % change in GAPDH concentrations over time within all conditions 
(pooled) is shown below in the vastus lateralis (figure 3.7). Statistical analysis was 
conducted using a one factor linear mixed model. Vastus lateral is GAPDH (F = 0.863, p 
:::: 0.493; figure 3.7) did not change with time and therefore, GAPDH is a suitable 
housekeeping protein. 
1 

IJI' 
Figure 3.7 Vastus lateraH" GAP'DH protein concentrations median (interquartile range) immediately 
before (basal), immediately post (lP), 3 hrs post (3 !Irs), 24 hrs post (24 hrs) and 48 hrs post exercise (48 
hrs). GAPDH (Glyceraldehyde·3-phosphate dehydrogenase). 
3.6 Statistics 
Specific statistical procedures arc outlined in the relevant experimental chapters. 
Statistical procedures throughout were completed using IBM SPSS Statistics 19 (SPSS 
Inc., Chicago, Illinois). Data normality was assessed via skewness and kurtosis values, 
histograms and Quantik-Quantile (Q-Q) plots (Grafen and Hails 2002). Normally 
distributed data are presented as mean :± standard deviation. Positively skewed data are 
presented as median ± interquartile range. 
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Cbapter 4. Experiment 1: Downhill running and 
exercise in hot environments increase leukocyte Hsp 72 
mRNA and Hsp90a mRNA 
4.1 Abstract 
Stressors within humans and other species activate Hsp72 mRNA and Hsp90a mRNA 1::'1",1',(1 
1,,1'1' 
"'1,"
transcription though it is unclear \vhich environmental temperature or treadmill gradient 
induces the largest increase. To determine which stressor induced the larger increase, 
physically active but non heat acclimated participants (19.8 ± 1.9 and 20.9 ± 3.6 yrs) 
exercised in either temperate (20 50 % relative humidity; RH) or hot (30°C, 50 % 
RH) environmental conditions. Within each condition participants completed a flat 
running (Temperate flat or hot flat) and a downhill running (Temperate downhill or hot 
downhill) experimental trial in a mndornised counterbalanced order separated by 7 d. 
Venous blood samples were taken immediately before (basal). immediately post, 3 hrs 
and 24 hrs post exercise. RNA was extracted from leukocytes and reverse transcriptase 
quantitative peR conducted to determine Hsp72 mRNA and Hsp90a mRNA relative 
expression. Leukocyte lIsp72 mRNA was increased immediately post exercise 
following downhill running (1.9::1:: 0.9 fold) compared to flat running (1.3 ± 0.4 fold~ p == 
0.00 I) and in hot (1.9 ± 0.6 f(/le!) compared to temperate conditions (1.1 ± 0.5 fold; p == 
0.003). Leukocyte I isp90u mRl\A increased immediately post exercise following 
downhill running (1.4 ± 0.8 fold) compared to flat running (0.9 ± 0.6 fold; p == 0.002) 
and in hot (1.6 ± 1.0 fold) compared to temperate conditions (0.9::1:: 0.6 fold: p == 0.003). 
Downhill running and exercise in hot c,)nditions offered the larger stimuli for leukocyte 
Hspn mRNA and Hsp90u mRNA increases. 
"'.1 1 
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4.2 Introduction 
The heat shock protein (HSP) system has a crucial role in acquired thermotolerance via 
the protein chaperone (Freeman and Morimoto 1996) and anti-apoptotic functions (Arya 
et a1. 2007) of HSP72 (commonly known as HSPAIA) and HSP90a (HSPCl). 
Modulation of kinase signalling and assembly of gene transcription and protein 
translation machinery by HSP90a is also a crucial aspect of the cellular stress response 
and cellular adaptation to exercise heat stress (Richter and Buchner 2001; TaipaJe et a1. 
2010). Both GRP78 and GRP94 regulate the unfolded protein response (Ron and Walter 
2007; Eletto et al. 2(10) which occurs during heat stress (Heldens et a1. 2011). These 
functions help attenuate the pathophysiological events (tissue damage) associated with 
multi-organ failure syndrome ,,\/hich is central within exercise heat stress and exertional 
heat illness specific morbidity and mortality (Epstein et a1. 2012). Heat shock protein ,;~' 
"',,"'1.1,( 
,,;. ~I '''H
concentrations are elevated proportionally to increased cellular stress (increased cellular i::;::!; 
temperature) following ex vivo heat shock (McClung et a!. 2008) and in vitro protein 
denaturation increases (Liu et al. 1997). Therefore, elucidating the in vivo cellular 
stressor(s) which increases HSP72, HSP90, GRP78 and GRP94 protein concentrations 
could minimise exertional heat illness risk by developing a thermotolerant phenotype. 
This therrnotolerance. from a whole body perspective, may include delaying thermal 
injury (Maloyan et al. 1999) by elevating the core body temperature during exercise 
heat stress at which exercise becomes physiologically limited, which practically could 
enhance athletic performance and extend occupational pursuits (fire-fighting, industrial 
work and military training or operations) in challenging (hot and humid) environments. 
Induction of Hsp72 mRNA occurs following exercise (Walsh et aL 2001), EIMD 
(Paulsen et al. 2007) and exercise heat stress (Moran et a1. 2006). While Hsp90a mRNA 
is induced after exercise (Connolly et al. 2004) and exercise heat stress (Moran et al. 
2006) and Grp78 mRNA after exercise (Neubauer et al. 2014). These stressors were 
measured in isolation, precluding intra study comparison because exercise intensity (Liu 
et al. 2000) and duration (Selkirk et aL 20(9). environmental conditions (Mestre-Alfaro 
et al. 2012), participant training state (Morton ct a1. 2008), sampling time courses, tissue 
of interest and measurement techniques (northern blotting, RT-QPCR and gene arrays) 
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used to measure Hsp72 mRNA, Hsp90a mRNA and Grp78 mRNA were not 
standardised. Consequently, the most appropriate stressor or combination of stressors 
(e.g. downhill running and exercise heat stress) to increase Hsp72 mRNA, Hsp90a 
mRNA. Grp78 mRNA and Grp94 mRNA transcription (and thus potentially enhance 
thermotolerance via elevated basal HSP72, HSP90a, GRP78 and GRP94 protein 
concentrations) following an acute preconditioning trial was unknown. 
Therefore, the primary purpose of the current study was to determine the environmental 
temperatures and treadmill gradients (singularly and in combination) which increased 
leukocyte Hsp72 mRNA. fIsp90a mRNA, Grp78 mRNA and Grp94 mRNA. 
Additionally this study aimed to determine the physiological (rectal temperature (Ire) 
and heart rate (I-m)) and perceptual responses (delayed onset muscle soreness; DOMS) 
to each condition to determine the physiological stressors associated with Hsp72 
mRNA. IIsp90a mRNA, Grp78 mRNA and Grp94 mRNA induction. It was 
hypothesised that downhill running in a hot environment would offer the largest stimuli 
to increase Hsp72 mRNA, Hsp90a. mRNA_ Grp78 mRNA and Grp94 mRNA. 
4.3 Methods 
Ethical approval 
The protocol was approved by the University of Bedfordshire's Sport and Exercise 
Science Departmental I-Iuman Ethics Committee. All participants signed informed 
consent in accordance with the ethical standards outlined in the 1964 Declaration of 
Helsinki. 
Participants 
Demographic variables (see table 4.1) were recorded in a population of 14 male 
Caucasian participants who were team games players (average 2.5 sessions per week), 
were non smokers and \\ere non heat acclimated (testing conducted between December 
- March within the UK~ average temperature range 1.5 °C -- 7.9 °C (MetOffice 2011)). 
Body mass (kg) and height (em) were measured using a single set of mechanical scales 
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(Weylux Marsden 424, London, UK) and a stadiometer (Harpenden HAR- 98.602, 
Crymych, UK) respectively. Body composition was measured using air displacement 
plethysmology (Bod Pod 2000A, Cranlea, UK). The lactate threshold (L T) and 
maximum oxygen uptake (V02max) were determined using a graded treadmill test (Jones 
2007). This test consisted of 6 - 8 incremental 3 min stages at a 1 % gradient. 
Participants started running at 8 - 9 km.h· l and running velocity was increased by 1 
km.h· l per stage until exhaustion (Jones 20(7). Finger tip capillary blood samples (40 
flL) were taken at rest and the end of each 3 min stage to determine blood lactate 
concentrations (BILa]). Blood lactate concentrations were plotted against running 
velocity to determine L T which was defined as the first sustained B[La] increase above 
baseline (Jones 2007). Pulmonary gas exchange was measured breath by breath using an 
online gas analysis system (Cortex Metalyser 3B, Biophysik, Leipzig, Oennany) to 
determine changes in oxygen uptake (VO;) with the highest V02 attained over a 30 s 
period accepted as V02ma:\ (Jones 2007). 
Sample size calculations were determined a priori (O.Power 3.1, Universitat 
Dusseldorf, Gennany) (Fau! et al. 2(09) for exercising Tre, HR (Lafrenz et al. 2008) and 
Hsp72 mRNA (Fehrenbach et a1. 2001) using mean and SD data from previous papers. 
Two tailed tests with alpha set at 0.05 and power at 0.8 suggested 9 participants were 
needed to detect significant differences in exercising Tre (0.8 DC) and HR (7 beats.min· l ) 
and Hsp72 mRNA (59 %) between environmental conditions. Only 7 participants could 
be completed as funding was not available to complete 9 participants. 
Table 4.1 Participant demographic characteristics 
Temperate group (TEMP) Hot group (HOT) Sig (p < 0.05) 
Age (Years) 19.8 ± 1.9 20.9:::; 3.6 p =0.563 
Height (m) 1.80± 0.1 1.74 ± 0.05 P= 0.398 
Body Weight (kg) 71.7::t 7.4 70.9::1;: lOA P= 0.880 
. -1) 55.6:i: 5.7 55.5 + 5.3 P= 0.99\V02max (ml.kg.min 
% Lean mass 87.0 ·'8.J 87.2:1: 5.5 P =: 0.507 
% Body Fat J3.()±8.1 12.8:.5.5 p=O.95J 
Training (hrs ~r week). 2.4 .~~_. __2_.6_::I::_O._5___~p;....=_O._68_9 _ 
ml.kg.min (millilitres PCT kilogmm per minute). \tO~",,,. (maximum oxygen uptake). 
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Experimental design 
Participants were split into two groups which exercised In different environmental 
conditions. (See figure 4.1). 
The temperate environmental condition featured two experimental trials separated by 7 
d. 
1) The temperate flat (TEMPn.A'r) experimental trial involved 30 min running at the 
velocity which elicited L T on a I % gradient in 20°(" 50% RH. 
2) The temperate downhill CfEMP[)()WN) experimental trial involved 30 min downhill 
running at the velocity which elicited L T on a-I 0 % gradient to induce muscle damage 
(Feasson et al. 2002) in 20°C, 50% RH. 
The hot environmental condition featured two experimental trials separated by 7 d. 
1) The hot flat (HOTn.AT) experimental trial involved 30 min running at the velocity 
which elicited L T on a 1 % gradient in 30°C, 50% RH. 
2) The hot downhill (HOTr)()ws) experimental trial which involved 30 min downhill 
running at the velocity which elicited LT on a-I 0 % gradient to induce muscle damage 
(Feasson et a1. 2(02) in 30 "C, 50% RH. 
Temperate condition (20 oc, 50 % RH) 

TEMPFUT TEMPOO\VN 

". ..... r ............ LT II JIl_ n""'iD& '" L T 

1% ....... .10%1"...... 
:tlI"(".• ~%ftR 11l"C,5II%RH 
Hot coadition (30°C, 50 % RH) 
~------------~ r-------------~ 
HOTFLAT HOTOO\\'N 

JIl .... r ___lllilt 1.1' JIl .... ,......iDI! .. LT 

I%g.....tinla -19 % ..-adit""
• 
JI ·C. SII % llH 30"C.5II%1W 
flat ruQ"mte~ DownW\I~~ 
COII:fii~ts .rdn TF.MPn •u '" tOil"" otthe TEMPOOWNlIlld 
HOlf1.AT n~rill1Galll'" HOTDm\~ npt!imeilal trilll!i 
Figure 4.1 Experimental design. HOT !Yl\\i~ (Hot downhill}, HOTFLAT (Hot flat), TEMPOOWN (Temperate 
downhill). TEMI\l.>\T (Tcmpermc flat). 
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A counterbalanced experimental design was used in which the experimental trials were 
completed in a randomised order, at the same time of day and at the running velocity 
which elicited the L T to minimise differences in metabolic strain between individuals 
(Baldwin et al. 2000). However. environmental temperature mediated differences still 
remained as relative exercise intensity is higher at the same velocity during exercise in ~!\'I>f'fltl!+ 
I,j.,,,... 
:1: ~ : ~ 1 , I !hot environments (Lorenzo et al. 20 II). The confounding variables of caffeine and 
alcohol (72 hrs), non steroidal anti inflammatory medications (48 hrs) (Nielsen and 
Webster 1987; Van Wijck et a\. 2012), dietary supplementation (vitamins, ergogenic 
aids; 30 d), exercise (7 d) (Morton et al. 2006), non exercise based thermal stressors (3 
months) and hypoxic and hyperbaric stressors (3 months) were controlled for via 
abstinence prior to testing and throughout the testing period. A questionnaire was 
1;, 
administered prior to each experimental trial and sampling timepoint to determine J :I,!:JP
.:':::ar; 
adherence to the aforementioned experimental control measures. Adherence was 100 % ,,!ill' 
" "4 
in all participants. Participants were instructed to drink 500 mL of water 2 hrs before 
each experimental trial in line with the ACSM position stand (Sawka et al. 2007). 
Hydration status was assessed via urine osmolality (UOsm). All participants were 
euhydrated (UOsm was below 600 mOsmols.kg thO (Armstrong et al. 1994» prior to 
all experimental trials. 
Physiological Measures 
Rectal temperature (Tre). heart rate (HR) and oxygen uptake (V02) were measured 
continuously during exercise. Rating of perceived exertion (RPE) and thermal sensation 
(TS) were measured every 5 min. Blood lactate concentrations were measured before 
and immediately post exercise, Non-invasive measures (Quadriceps tenderness and 
VAS) of delayed onset muscle soreness (DOMS) were recorded immediately before, 
immediately post, 3 hrs post and 24 hrs post exercise to infer whether EIMD had 
occurred. See general methods section 3.31 - 3.34 and 3.36 for full details. 
Molecular physiology measures 
Leukocytes were isolated from venous blood samples immediately before (basal), 
immediately post, 3 hrs post and 24 hrs post exercise. The TRIzol method was then used 
to extract RNA from the leukocytes and RT-QPCR was performed to ascertain Hsp72 
mRNA, Hsp90(t mRNA, Grp78 mRNA and Grp94 mRNA relative expression (see 
sections 3.41 and 3.44 for full details). 
Statistical Analysis 
-

Central tendency and dispersion are reported as the mean and standard deviation for 
normally distributed data and as the median and interquartile range for non-normally 
j\"I
distributed data. Statistical analysis was completed using linear mixed models for :,;: ::In
::::;1)
repeated measures (IBM SPSS \9.0, Chicago, IL, USA). The best fitting covariance 
structure was identified by minimising the Hurvich and Tsai's criterion (Field 2009). 
Changes in Hsp72 mRNA, Hsp90a mRNA, Grp78 mRNA and Grp94 mRNA are 
presented as fold change from basal in accordance with previous literature (Paulsen et 
a\. 2007). Where significant F ratios for main and interaction effects occurred, post hoc 
comparisons were made with Bonferroni adjusted p values. Pearson correlation 
coefficients were determined to elucidate relationships between exercising Tre, VAS and 
QT and Hsp72 mRNA, Hsp90a mRNA and Grp78 mRNA. Statistical significance was 
accepted at p < 0.05 (two tailed). 
4.4 Results 
Perceived muscle soreness resQonse 
Visual analog scale of pain (Figure 4.2) increased following downhill running 
immediately post, 3 hrs post and 24 hrs post exercise (p < 0.001) and during flat running 
immediately post and 24 hrs P()st exercise (p <: 0.006) compared to basal. Visual analog 
scale of pain also increased foll{)\ving dQwnhill running compared to flat running 
immediately post, 3hrs pm;t and 24 hrs post exercise (p < 0.005). Visual analog scale of 
pain increased f()Ilowing hot (p < 0.0(1) and temperate (p < 0.016) conditions 
6'.c;,., 
immediately post, 3hrs post and 24 hrs post exercise compared to basal and in hot 
compared to temperate conditions immediately post exercise (F = 6.2, P = 0.020). The 
interaction between environmental condition, treadmill gradient and time had no effect 
on V AS (p > 0.05). Therefore, both downhill running and hot conditions increased 
VAS, with downhill running appearing to cause the largest increase in VAS. 
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Figure 4.2 Perceived muscle soreness (visual analog scale of pain; VAS) Mean (Standard deviation) 
immediately before, immediately post. 3 hrs post and 24 hrs post exercise. A increased (p < 0.005) during 
downhill running compared to flat running. B increased (p < 0.001) in hot compared to temperate 
conditions. En'or bars omitted to maintain clarity. 
Like VAS, quadriceps tenderness (figure 4.3) increased during downhill running at 3 
hrs (p = 0.001) and 24 hrs post exercise (p < 0.002) compared to basal. However, during 
flat running, quadriceps tenderness only increased 24 hrs post exercise (p == 0.010) 
compared to basal. Environmental temperature and all other interactions had no effect 
on quadriceps tenderness (p :> 0.05). Therefore, downhill running was the main factor 
which induced quadriceps tenderness. 
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Figure 4.3 Quadriceps tenderness (QT) mean (standard deviation) immediately before. immediately post, 
3 hrs post and 24 hours post. '" increased (p '" D.O I 0) during flat running compared to basal. ** increased 
(p < 0.002) during dovmhill running compared to basal. A increased (P < 0.001) during downhill running 
compared to flat running, Error bars omitted to maintain clarity. 
:~ 
Physiological responses 
Exercising Tre (Figure 4.4) increased during downhill running compared to flat running 
between 10 - 30 min (p < 0.006). There was also a trend for exercising Tre to be 
increased in hot (38.9 ± 0.4 °C) compared to temperate conditions (38.6 ± 0.5 °C) at 30 
min (F = 4.0, P = 0.068). Increases at 30 min during downhill running (39.0 ± 0.4 0c) 
compared to flat running (38.5 ± 0.4 °C; 0.5 °C) were greater than during hot compared 
to temperate environmental conditions (0.3 °C) indicating downhill running had a 
greater effect on exercising TIe than hot environmental temperatures. Exercising Tre 
increased at 30 min of HOTDOWl" (39.2 ± 0.2 0c) however the interaction between 
environmental condition, treadmill gradient and time did not reach significance (p > 
0.05). 
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Figure 4.4A Rectal temperature (T.. ) mean (standard deviation) at 0 min - 30 min of exercise. A increased 
(p < 0.01) during downhill funning compared to flat running. Error bars omitted to maintain clarity. 
Figure 4.4B Exercising T,. individual responses for TEMPFLAT, 4.4C TEMPDOWN, 4.4D HOTFLAT and 
4.4E HOTno\\'N' 
Heart rate (table 4.2) increased over time (F =318.0, P < 0.00 I). No other main effect or 
interaction reached significance (p > 0.05) indicating HR did not differ between 
treadmill gradients or environmental conditions. However, a trend (F =4.3, P :: 0.056) 
was observed for HR to increase during hot (162 ± 36 beats.min- I ) compared to 
temperate conditions (153 ± 33 bC<lts.min· I ). Oxygen uptake (F:: 7.4, p < 0.001; table 
1­
! nJ 
~ 
J~.II 
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4.2) and B[La] (F = 30.0, p < 0.001; table 4.2) increased over time however, no other 
main effect or interaction reached significance (p > 0.05). 
Perceptual response 
Rate of perceived exertion (table 4.2) increased during hot compared to temperate 
conditions (F = 12.3, p = 0.002), in downhill running compared to flat running (F ;::;: 
34.8, p < 0.00 J ) and over time (F = 171.6, P < 0.001). Rate of perceived exertion also 
increased in hot compared to temperate conditions at J0 min (p = 0.045), between 20 ­
30 min (p < 0.002) and during downhill running compared to flat running at 10 min (p = 
0.003) and between 15 - 30 min (p < 0.00 I). 
Thermal sensation (table 4.2) increased during hot compared to temperate conditions (F 
= 45.1, P < 0.001). in downhill running compared to flat running (F = 9.0, p = 0.004) 
and over time (F =:: 95.1, p < 0.001) as main effects. Thermal sensation also increased 
within hot compared to temperate conditions between 10 min - 30 min of exercise (p < 
0.001). However, no other interactions had any effect on RPE or TS (p > 0.05). 
Therefore, both RPE and TS were greater during downhill running and hot conditions. 
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Table 4.2 Physiological and perceptual responses 
TEMPFLAT TEMPDOWN HOTFLAT HOTDOWN 
B(La] (mmol.r l ) Basal 0.9 ± 0.2 0.9 ± 0.3 0.9 ± 0.2 0.9 ± 0.2 
Immedia~ost 104 ± O.SA 1.5 ± 0.7A 2.1 ± 1.2A 1.7 ± OAA 
~IIf(Beat;:-m-in--"-I)--O~min S min 10 min IS min 20 min 25 min 30 min 
TEMPFLAT 78.6:i:8A 152.6:1:14.0 157.8±\3.8 161.6±I4.3 163.6±lS.2 165.9±14.9 167.7±15.0 
TEMP[x)WN 83.0±11.4 IS5.1±14.3 162.8±14.7 \67.3±\S.7 171.4±lS.7 175.0±17.0 lSO.1±17.1 
HOTFl.AT 83.4±5.1 B 157.1±17AB 166.7±ISAB 169.9±IS.9B 174.0±IB.ILl 178.6±18.0B lS2.2±lS.3B 
HOTooWN 84.2±8.7n 158.3:1::11.9B 170.1:t:I2.0B 177.4±14.211 182.9±12.2B 188A±14.t B 194.6±13.6B 
"" _vq;(I!lIi£:_~_in~I.L.g_Inin ___ =- ?_rni~_.~~__--.!~_m_j~._._.. 15 min_ .~_20_m_in 25 min 30 min ______. 
TEMPFL"" 5.5 ± O,g 40.4 ± 3.3 41.1 ± 3.0 41.6 ± 3.1 42.6 ± 2.7 43.2 ± 2.8 43.6 ± 3.0 
TE!.v1PoOWN 5.S!:: 0.7 39.6 ± 1.0 40.1 :f: 0.7 41.5 ± 1.0 42.5 ± 1.7 43.2 ± 1.3 4404 ± 1.5 
HOTI-1AT S.9±O.7 41.1±3.0 42.0±3.8 42.7±3.7 42.9±3.5 42.6±4.0 42.4±5.0 
HOTl)fJWN 5.8 ± 0.7 39.7 :1: 1.5 41.2 ± 2.4 41.8 ± 2.6 42.3 ± 3.3 43.5 ± 3.8 45.2 ± 4.3 
-"--RPE--omTn~'------Sil1frl' 10 min 15 min 20 min 25 min 30 min 
_~._~.._.~.__. ____..__~"J_. 
TEMPflAT 6.0 ± 0.0 10.0 ± 0.9 ) 1.) ± 1.6 12.3 ± 1.4 12.6 ± 1.3 13.1 ± 1.0 13.7 ± 1.3 
fEtvIP[)()\}lN 6.0±0.0 11.9± 1.6 13.1 ± I.4D 14.9± 1.6D 15.6±2.0D 16A± 1.7D J6.7± 1.81) 
c C c C CHOTFlAf 6.0+0.0 II.6±1.8 12.7±1.4 13.6±1.5 14.7±1.2 16.0±1.3 16.8±1.1 
• C,O C.D co C.D C.D 
..._. HO]OOWN_.__6.0±O.0 II.6± l.l 13.7±0.9 15.1 ± 1.0 17.0± 1.2 18.4± 1.3 19.6±0.7 
IS 0 min 5 min 10 min 15 min 20 min 25 min 30 min 
TEl\1PFlAT 4.0:.1: 0.0 4.2 ± 0.3 4.4 ± 0.4 4.7 ± 0.5 4.9 ± 0.7 5.1 ± 0.7 SA ± 0.7 
• C C C C CrEMP[)()WN 4.0 ± 0.0 4.3 ± 0.4 4.5 ± 0.5 5.1 ± 0.5 504 ± 0.6 5.9 ± 0.7 6.1 ± 0.8 
HOTFLAT 4.0±0.O 4.7±0.4 5.4±OA 5.6±0.6 6.1±0.5 6.7±OA 7.1±0.6 
c c c c CHOTIX)WN 4.0 ± 0.0 4.6 ± 004 5.5 ± 0.5 604 ± 0.4 6.6 ± 0.4 7.2 ± 004 7.8 ± 0.3 

A Increased immediately post compared to basal as a main effect; p < 0.05, B Trend to increase in hot compared to temperate conditions; p = 0.056, C Increased 

in hot compared to temperate conditions between 10 - 30 min; p < 0.05, D Increased during downhill running compared to flat running between 10 - 30 min; p 

<0.05. 
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Leukocyte Hsp mRNA response 
Leukocyte Hsp72 mRNA (figure 4.5) increased following downhill running (p < 0.002), 
flat running (p < 0.015) and within hot (p < 0.001) and temperate environmental 
conditions (p < 0.020) immediately post and 3 hrs post exercise compared to basal. 
H"'lll~'" 
',1"1""\'
These leukocyte Hsp72 mRNA increases were greater following downhill running (1.9 :~~~;~~: 
Ildj· 
± 0.9 fold) compared to flat running (1.3 ± 0.4 fold; Ii = 15.2. P =0.001) and in hot (1.9 
± 0.6 fold) compared to temperate (1.1 ± 0.5 fold) environmental conditions (F = 11.7, P 
= 0.003) immediately post exercise. Leukocyte Hsp72 mRNA returned to basal levels at 
24 hrs (p > 0.05). Therefore, downhill running and hot environmental conditions were 
the best stimuli to induce leukocyte Hsp72 mRNA. Leukocyte Hsp72 mRNA increased 
(0.8 ± 0.2 fold to 2.1 ± 1.2 fold; 262.5 % increase) immediately following HOTDO\VN 
however interaction between environmental condition, treadmill gradient and time did 
not reach significance (p > 0.(5). Significant correlations were observed between Hsp72 
mRNA and peak exercising T re (r ::: 0.625. p < 0.00 I ), VAS (r = 0.402, P = 0.042) and 
QT (r = 0.436, P = 0.026). This indicates Hsp72 mRNA increases could be temperature 
and DOMS dependent. No order effect was observed as similar individual Hsp72 
mRNA responses (figure 4.5) were observed in each experimental trial regardless of the 
order in which the trial was completed. 
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Figure 4.5A Leukocyte Hspn mRNA median (interquartile range) immediately before, immediately post, 
3 hrs post and 24 hrs post exercise. Data are presented as fold change from basal. "' increased compared to 
basal (p < 0.05). A increased (p '" 0.001) during downhill running compared to flat running. B increased 
(p = 0.003) within hot conditions compared to temperate conditions. Figure 4.5B Leukocyte Hsp72 
mRNA individual responses for TEMPH.'\T' 4.5C 11::MPwwN, 4.5D HOTPt.A"! and 4.5E HOTDO\l';l'i' 
Leukocyte Hsp90a mRNA (figure 4.6) increased following downhill running (p < 
0.002) and in hot conditions (p < 0.006) immediately post and 3 hrs post exercise 
compared to basal. Leukocyte Hsp90a: mRNA also increased immediately post exercise 
following flat running (p == 0.008) and in temperate conditions (p = 0.049). Leukocyte 
Hsp90a mRNA increases were greater following downhill running (1.4 ± 0.8 fold) 
compared to flat running immediatel, P'l)st (0.9 ;i: 0.6 fold; F = 13.2, p = 0.002) 3 hrs 
post (F = 6.0, P :::: (}'025) and 24 hrs P{1st exercise (F ::::, 6.7. p = 0.019). Leukocyte 
Hsp90a. mRNA also incrensed immediately post exercise within hot (1.6 ± 1.0 fold) 
compared to temperate (O.Q ± 0.6 told) conditions (F "'" 12.4. P ::::.: 0.003). Therefore, 
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1 
downhill running and hot conditions were the best stimuli to induce leukocyte Hsp90u 
mRNA. Leukocyte Hsp90u mRNA increased (0.7 ± 0.2 fold to 1.7 ± 1.0 fold) following 
HOTDOWN however the interaction between environmental condition, treadmill gradient 
and time did not reach significance (p > 0.05). Significant correlations were observed 
between Hsp90a mRNA and peak exercising Trc (r =0.706, P < 0.001), V AS (r = 0.453, 
p = 0.02) and QT (r = 0.436, P = 0.026) suggesting Hsp90a mRNA increases could be 
Tre and DOMS dependent. Similar individual Hsp90u mRNA responses (figure 4.6) 
were observed in each experimental trial regardless of completion order. Therefore, no 
order effect occurred. 
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Figure 4.6A Leukocyte Hsp90u mR~:\ median (interquartile mnge:) immediately before, immediately 
post, 3 hrs post and 24 hrs post ext!rcise. Data are presented as fold change from basal... increased (p < 
0.05) from basal during flat running.•• incrcll~ed (p ~~ O.OS} from basal during downhill running. *** 
increased (p < 0.(5) from hasal during temperate conditi\llls. uu increased (p 0.(5) from basal during 
hot conditions. A increased (p OJ)S) during downhill running compared 10 flat running. B increased (p < 
0.05) within hot compared to temperate conditions. Figure ·HlS Leukocyte Hsp9()(1 mRNA individual 
responses for TEMPnAh 4.6(' TI~MPpuw~. 4.M) H01'" and .j,!>F HOT!,O\; 
= 

Leukocyte Grp78 mRNA (figure 4.7) increased immediately post exercise compared to 
basal in hot conditions (p == 0.002). A trend for Grp78 mRNA to be increased in hot 
conditions compared to temperate conditions was also observed (F = 4.1, P = 0.059) 
immediately post exercise. All other interactions did not affect leukocyte Grp78 mRNA. 
Peak exercising Trc and Grp78 mRNA (r == 0.289, P =0.153) were not correlated. 
, , , 
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Figure 4.7 Leukocyte Grp78 mRNA Median (lnterquartile range,) immediately before, immediately post. 
3 hrs post and 24 hrs post exercise. Data presented as fold change from basal. '" increased immediately 
post exercise in hot conditions. 
Leukocyte Grp94 mRNA (figure 4.8) increased in hot conditions compared to temperate 
conditions (F = 7.8. P = 0.009) and in downhill running compared to flat running (F = 
7.4, P = 0.010) as main effects. However. leukocyte Grp94 mRNA did not change from 
basal at any time (F =: 1.6, p "" 0.194) as a main effect. All other interactions had no 
effect on leukocyte Grp94 mRNA (p> 0.05). 
Bani "lin pest 
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Figure 4.8 leukocyte Orp94 mRNA Median (lnterqtllutile mnge) immediiltely befi)re, immediately post, :3 
hrs post and 24 hrs postexercise. Data pre£efltw as iold change fmm basal. A increased during downhill 
running compared to flat running. B incn:~lSCd duringoot compared to !emperatl.' conditi.ms. 
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4.5 Discussion 
The current study suggests that downhill running and exercise in hot environments 
induced the largest Hsp72 mRNA and Hsp90a mRNA increases. Exercising T re and 
DOMS were correlated with Hsp72 mRNA and Hsp90a mRNA increases and therefore, 
1"i'IIII1' 
"'1'1 
'II!likely played a role in the increases observed. 
Leukocyte Hsp72 mRNA 
I, 
, ) ~ 11 
, '. : ' 
"l'i' 
Exercising Tre increased during downhill running compared to flat running, and showed 'H 
i "i' 
'1'"a trend to be increased within hot compared to temperate conditions. Further, a 
significant positive correlation was observed between peak exercising Tre and Hsp72 
mRNA immediately post exercise. This suggests that Hsp72 mRNA induction was 
::1' 
dependent on exercising Tre increases and therefore, has the potential to be a marker of 
thennotolerance. The induction of Hsp72 mRNA being Tre dependent is in agreement 
with previous literature where elevated exercising Tre led to increased Hsp72 mRNA 
transcription within peripheral blood mononuclear cells (PBMCs) (Fehrenbach et a!. 
2001; Marshall et a1. 2007) and lymphocytes (Mestre-Alfaro et al. 20 l2) probably via 
increased protein denaturation (Mestre-Alfaro et al. 2(12) activating heat shock factor~ 1 
(HSF-l) (Noble et al. 2008) as demonstrated in "ilm within human ceUs (Baler et a1. 
1992). During dO\vnhiII funning. OOMS increased suggesting EIMD 'vas present 
(Friden et al. 1981). Muscle damage induced following isokinetic eccentric contractions 
(Paulsen et al. 2007) and downhill running (Thompson et al. 20(3) increases Hsp72 
mRNA post exercise \vithin the human VL. This increase is greater during muscle 
damaging eccentrically' biased exercise compared to non damaging concentrically 
biased exercise (Vissing et at 2009). Despite characterisation of the Hsp72 mRNA 
response to ElMO in the VL. no data exists within leukocytes. Further. the precise 
mechanism linking EIMD and leukocy'te Hsp72 mRNA is unclear. A toll like receptor 4 
(TLR4) mediated cellular stress response (X."Curs within leukocytes following muscle 
damaging exercise (Fernandcz-Gonzalo et at 2(12). Signalling pathways induced by 
TLR activation increase oxidative stress; via NADPH oxidase activation (Aschnoune ct 
al. 2004) increasing protein denaturation and activation of JNK and p38MAPK 
7S 
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signalling (Huang et al. 2009). These changes induce Hsp72 mRNA transcription via 
HSF-l activation. Damage associated molecular patterns (DAMPs) including 
extracellular HSPs, endogenous nucleic acids, circulating cell free DNA, high-mobility 
group box -1 and liposaccharide activate a TLR mediated leukocyte stress response 
(Henderson et al. 2010; Huang et al. 2010; Neubauer et al. 2013). However, little 
evidence exists for DAMPs being released from skeletal muscle following muscle 
damage in humans. Interleukin-6 (IL-6) infusion increases Hsp72 mRNA in the VL at 
rest (Febbraio et al. 2002). Whether IL-6 has the same effect on leukocytes following 
exercise heat stress has not been established. further, IL-6 is only released from skeletal 
muscle after 120 min of exercise (Steensberg et al. 2002). Therefore, it is unlikely 
factors released from skeletal muscle following muscle damage induced Hsp72 mRNA 
within the current study design. A higher rate of ATP breakdown occurs when exercise 
of the same steady state velocity is completed within hot environments compared to the 
same trial completed within a temperate environment (Febbraio et al. 1996). Therefore, 
a higher relative exercise intensity is required to sustain the same running velocity in 
hot conditions. This increased metabolic strain could partially account for Hsp72 
mRNA increases within hot environmental conditions as the HSP72 protein response is 
intensity dependent both within skeletal muscle (tiu et al. 2000) and leukocytes 
(Marshall et al. 2007). This is not surprising as protein denaturation the key cellular 
change driving Hsp72 mRNA transcription is exercise intensity (Lamprecht et al. 2009) 
and metabolic strain dependent (Beckmann et al. 1992). 
Although, Hsp72 mRNA increased following the hot downhill trial this was not 
statistically significance with only the 3 (out of 7) participants who had the largest 
exercising Tre increases (39.4 - 39.5 0c) demonstrating substantive Hsp72 mRNA 
increases (> 3.0 fold). This variable response contrasts with previous exercise heat 
stress studies where more substantive and less variable Hsp72 mRNA responses were 
observed within lymphocytes (Mestre-Alfaro et 81. 2012). interestingly, when human 
cells are heat shocked ex vivo (Oehler et at. 2001 >and following exercise heat stress in 
humans (Fehrenbach et al. 20(1) lymphocytes and monocytes have the largest HSP72 
response with a comparatively smaller respon~e observed within neutrophils. As 
,;-, 
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neutrophils are the predominant cell type within leukocytes this could have blunted the 
Hsp72 mRNA response observed following hot downhill. Using two experimental 
groups also increased inter-variability of the Hsp72 mRNA response reducing statistical 
power (Mahoney et a\. 2004). However, removing parameters (3 hr and 24 hr timepoint) 
did not induce a significant increase following hot downhill while no order effect on the 
Hsp72 mRNA response was observed. Therefore, the sensitivity of the current 
experimental design to securely determine the trial which induced the largest Hsp72 
mRNA increase was reduced because two experimental groups were used and 
'! 
,!
;I 
11 
leukocytes were sampled. 
Previous research demonstrated that HSP72 increases were sustained for 24 hrs 
following exercise heat stress despite HspT2 mRNA expression returning to baseline 
(Fehrenbach et al. 200 I). Therefore. both downhill running and exercise in hot '.l " 
environment could elevate basal HSP72 concentrations for up to 24 hrs post exercise. 
However, the current study cannot suggest downhill running or exercise in hot 
environments translate this signal into lISP71 mediated thermotolerance within 
leukocytes because increased Hsp72 mRNA expression is not necessarily reflective of 
functional steady state HSP72 content (Marshall et al. 2007; Vissing et al. 2009). Any 
HSP72 increases that were potentially induced by downhill running or exercise in hot 
environment would not have had a confounding effect on the Hsp72 mRNA and 
Hsp90a mRNA responses during subsequent experimental trials as HSP72 increases are 
sustained for less than 7 d within leukocytes subsets (monocytes) (Fehrenbach ct al. 
2001; Lee et al. 2014). 
Leukocyte Hsp90a mRNA 
The current study demonstrated that do\\nhiH running and exercise \vithin hot 
conditions offered the largest stimuli for increasing Hsp90a mRNA. Induction of 
Hsp90a mRNA was correlated with exercising Trc and DOMS. However, as previously 
discussed for Hsp72 mRNA it is difficult to mechanistically link ElMD and the 
leukocyte stress response. Therefbre. Hsp9Ou. mRNA increases are likely exercising Trc 
dependent and therefore, offer potential as a marker of rhcnnoh)lerance. The increased 
n 

= 

metabolic strain during exercise in hot environments also likely plays a role. Further 
work should elucidate whether Hsp90a mRNA needs to remain elevated to sustain 
increased basal HSP90u concentrations and whether these increases mediate conferred 
thermotolerance. 
Leukocyte Grp78 mRNA and Grp94 mRNA 
Exercise increases Grp78 mRNA within the VL (Neubauer et a1. 2014). The current 
study is the first to demonstrate leukocyte Grp78 mRNA increases following exercise 
heat stress. However, Grp78 mRNA increases were not correlated with exercising Tre 
increases. Indeed following downhill running where exercising Tre was at its highest 
Grp78 mRNA did not increase. Therefore, Grp78 mRNA is unlikely to be a marker of 
thermotolerance. Instead, the Grp78 mRNA response observed is likely group 
dependent and could potentially be explained via differential basal GRP78 
concentrations (Dorner et aL 1992) and epigenetic regulation of Grp78 mRNA 
(Baumeister et al. 2005). The GRP78 response appears to be tissue dependent with 
greater increases in fibre types experiencing greater cellular stress during exercise 
(Hernando and Manso 1997). The reduced thermal strain within leukocytes (due to 
countercurrent heat exchange) compared to skeletal muscle could have attenuated 
Grp78 mRNA transcription induced by protein denaturation (Ron and Walter 2007). 
Downhill running induced muscle damage could only induce an unfolded protein 
response (UPR) (Muralidharan and Mandrekar 2013) within leukocytes via TLR 
activated leukocyte stress response (Femandez-Gonzalo 2012). However, no evidence 
exists for activation of TLRs by DAMPs released from skeletal muscle following 
exercise or muscle damage (Neubauer et a1. 2013). Therefore, a reduced cellular stress 
response compared to skeletal muscle \\"here contraction induced fibre damage occurs 
(Feasson et al. 2002) may explain the Grp78 mRNA responses observed in this study. 
Leukocyte Grp94 mRNA increased as a main effect within downhill running and hot 
conditions but did not change over time. This suggests the differences were an artefact 
of the differential basal Grp94 mRNA ohserved. Therefore, Grp94 mRNA is unlikely to 
be a marker ofthermotolerance. fhis ccmtradicts previous rodent based exercise studies 
1\ 
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where, quadriceps Grp94 mRNA increased (Wu et al. 2011). Protein denaturation which 
induces Grp94 mRNA via the ATF6 and XBP-I pathways (Lee et al. 2003; Yamamoto 
et al. 2007) is temperature dependent. Therefore, a lower thermal strain within 
leukocytes and physiological differences between the species utilised could explain why 
Grp94 mRNA did not change. 
Exercising Tre response 
Exercising Tre increased during hot conditions and downhill running compared to flat 
running and temperate conditions respectively. The greater exercising Tre increase in hot 
compared to temperate conditions likely occurred due to a greater rate of heat storage 
(Periard et al. 2011). In contrast exercising T re increases during downhill running 
compared to flat running are contraction type dependent. Downhill running requires a 
greater angle of knee flexion and thus lengthening of the quadriceps muscle-tendon unit 
to withstand the greater impact force at footstrike. compared to flat running (Buczek and 
Cavanagh 1990; Roberts and Konow 2013). The larger amount of elastic energy stored 
within the quadriceps tendon is dissipated as heat \\'hen the muscle fascicle lengthens 
(Lindstedt et al. 2001; Roberts and Konow 2013). increasing muscle temperature and 
subsequently exercising Tre through heat transferred via the vascular system. Increasing 
exercise duration (Garden et al. 1966), exercise intensity (Houmard et al. 1990) and 
environmental temperature (Daanen ct al. 20 11) induces larger exercising Tre increases 
speeding up the acquirement of heat acclimation (exercising Tn: reductions). Therefore, 
combining hot conditions and downhill running (HOT D<)W"N) which both increased 
exercising Tre could potentially enhance the speed at which heat tolerance is acquired. 
Summary & Conclusions 
Downhill running and exercise in hot environments appear to be the best stressors (of 
those tested) to increase leukocyte Hsp72 mRNA and Hsp90a. mRNA. Leukocyte 
Hsp72 mRNA and Hsp90a. mRNA increases were correlated with exercising T re and 
therefore, could be suitable biomarkers of thermotolerance. However, Grp78 mRNA 
and Grp94 mRNA arc unsuitllhle as hiomarkers ()fthermot(Jierance. 
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Chapter 5. Experiment 2: A novel intervention to 
reduce physiological strain during exercise in a hot 
environment. 
5.1 Abstract 
Heat acclimation (3 - 10 d) enhances heat tolerance, but is not feasible when rapid 
deployment to hot environments is required. This study sought to determine whether an 
acutely delivered trial (downhill running in a hot environment), could attenuate 
exercising rectal temperature (Tre) during a subsequent identical exercise trial. 
Participants were split into two groups. The temperate preconditioning group (TPG) 
completed 30 min running at lactate threshold (LT) on a -1 % gradient in 20°C and 50 
% relative humidity (RH) (TPGTEMPFLXr) and 7 d later completed 30 min running at 
LT on -10 % gradient in 30°C and 50 % RH (TPGHOTDOWN). The hot preconditioning 
group (HPG) completed two trials of 30 min running at LT on -10 % gradient in 30°C 
and 50 % RH (HPGHOTrx)WNI and HPGHOTIX}WN2) also separated by 7 d. Exercising 
Tre and HR, were measured continuously during exercise. Delayed onset muscle 
soreness was measured via visual analogue scale of pain (V AS) immediately before 
(basal), immediately post, 3 hrs, 24 hrs and 48 hrs post exercise. Exercising Tre (0.3 °C 
at 30 min) decreased and HR (- 8 beats.min-!, 20 - 30 min) demonstrated a trend to be 
decreased during HPGHOT[)()WN2 compared to HPGHOTrxlwNl. Delayed onset muscle 
soreness (VAS) was absent prior to HPGHOTrxm'N2. Completing TPGTEMPFLAT had 
no effect on exercising T re which still increased by 2.0 CiC during TPGHOTDOWN. With 
further research, hot downhill running could potentially be used to attenuate exertionaI 
heat illness risk and improve exercise performance during subsequent exercise heat 
stress trials within hot, humid environments. 
so 
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5.2 Introduction 
Exercise, occupational activities and military operations are often completed within hot 
humid environments where the high heat loads induced reduce exercise and 
occupational performance and increase exertional heat illness risk (Epstein et a1. 2012). 
Adaptations which reduce exercising Tre (Lee et al. 2006) attenuate exertionaI heat 
illness risk likely by reducing protein denaturation (Mestre-Alfaro et a1. 2012) and 
apoptosis (Selkirk et al. 2009) which are Tre dependent. These adaptations are typically 
acquired during heat acclimation (HA). Unfortunately. HA takes around 3 d to attenuate 
exercising T re and IIR (Marshall et al. 2007; Costa et a!. 2014). This may not be 
logistically viable, where rapid redeployment of soldiers and emergency workers to hot 
climates is required (Garrett et a1. 2009). and for athletes due to the associated 
disruption of the pre competition taper (Garrett et a1. 2012). Therefore, an acute 
preconditioning trial which reduces exercising Tre is required. 
An acute exercise heat stress trial does not reduce exercising Trc during subsequent trials 
completed 7 d later (Barnett and Maughan 1993). The speed of the HA process is 
dependent on thermal and cardiovascular strain induced during each exercise heat stress 
trial (Houmard et a!. 1990; Taylor 2000~ Daanen et a!. 2011). Therefore, additional 
physiological stress should be incorporated within any acute preconditioning trial to 
provide a greater stimulus for heat tolerance to be initiated, e.g. exercising Tre and HR 
being reduced during subsequent exercise heat stress. Chapter 4 (experimental chapter 
1) demonstrated that downhill running and exercise in hot environmental temperatures 
increased exercising Trc further than flat running and temperate environmental 
temperatures respectively. Completing downhill running in a hot environment could 
potentially, increase exercising Tre further, than exercise heat stress in isolation, 
potentiating larger exercising Tn: and fIR reductions, during subsequent exercise heat 
stress trials. compared to traditional serial HA based exercise. Muscle damaging 
exercise induces plasma volume (PV) expansion of - 10 % which lasts for up to 10 d 
(Gleeson ct al. 1995). Downhill running is known to induce exercise induced muscle 
damage (ElMO) (Feasson el al. 2002). The-retbrc. PV expansion mediated increases in 
heat dissipation could further attenunteexercising Tn, increases (lkegawa et al. 2011). 
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Therefore, the aim of this experiment was to determine whether hot downhill running 
decreases exercising Tre during an identical experimental trial 7 d later. This could 
indicate a reduced exertional heat illness risk. A secondary purpose was to determine 
whether DOMS were present prior to the second experimental trial. It was hypothesised 
that hot downhill running would attenuate exercising Tre and HR but that a temperate 
flat trial would have no preconditioning effect. 
5.3 Methods 
Participants 
Demographic variables were recorded in a population of 11 male Caucasian participants 
(see table 5.1) who were non smokers and were not heat acclimated (experimental trials 
completed between January and March within the UK; average temperatures 1.5 °C ­
8.1 °C (MetOffice 201 J»). Body mass (kg) and height (em) were measured using the 
same mechanical scale (Weylux Marsden 424) and a stadiometer (Harpenden HAR­
98.602) respectively. Body composition was measured using air displacement 
plethysmology (Bod Pod 2000A) while LT and V02111RX were detennined using a graded 
treadmill test (Jones 2007). See sections 3.11, 3.12 and 3.21 for full details). 
Table 5.1 Participant demographic characteristics 
Temperate preconditioning Heat preconditioning Group Sig 
group (TPG) group (HPG) (p < 0.05) 
Age (Years) 20.4 ± 2.8 21.7 ± 2.3 0.426 
Height (em) 177.0±7.0 180±IO.O 0.593 
Body Weight (kg) 75.2±J8.1 76.1::!:12.3 0.931 
V02max 50.8 ± 6.9 52.8 ± 5.0 0.587 
-I)(ml.kg.min 
% Lean mass 88.3 ± 11.5 86.8 ± 4.8 0.777 
% Body Fat 11.7 ± 11.5 13.2 ± 4.8 0.777 
ml.kg.min (milJilitres per kilogram per minult:). V02,,,.<", (maximum oxygen uptuke). 
Sample size calculations for exercising Tnt were determined a priori via G.Power 3.1 
using data from a previous paper (Castle et al. 2011). A two tailed test with alpha of 
0.05 and power of 0.8 dctclmincd that a sample sizt of 8 participants would be required 
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to detect a significant Tre decrease of 0.4 0c. The total sample size of 11 (5 in TPG and 
6 in HPG) was dictated by orthopaedic surgeon availability (same participants used as 
experimental chapter 3) and participant drop out. Surgeons were only available during 
weekday afternoons (2 PM onwards) for an 8 week rotation, and an extensive biopsy 
time course was required. Therefore. only 12 participants could be completed. 
Experimental design 
Participants were split into two experimental groups (see figure 5. I). The temperate 
preconditioning group (TPG) condition featured two exercise trials separated by 7 d: 
TPG Exercise trial 1) Temperate flat (TPGTEMPFLAT) which involved 30 min running 
at the L T on a I % gradient in 20°C, 50 % RH. 
TPG Exercise trial 2) 7 d post TPGTEMPFl.AT, hot downhill (TPGHOT OO\VN) which 
involved 30 min downhill running at the L T on a -10 % gradient in 30 °e, 50 % RH. 
The hot preconditioning group (HPG) condition again featured two exercise trials 
separated by 7 d: 
HPG Exercise trial I) Hot downhill (HPGHcrrl)()W~I) which involved 30 min dovvnhill 
running at the L T on a -10 % gradient in 30 0e, 50 % RH. 
HPG Exercise trial 2) 7 d post HPGHOT!)oWl\il, hot downhill 2 (HPGHOT DOWN2) which 
involved 30 min downhill running at the LT on a ~ I 0 % gradient in 30°C. 50 % RH. 
All experimental trials were completed at the running velocity which elicited the L T to 
minimise differences in metabolic strain between experimental trials (Baldwin et al. 
2000). However, environmental temperature mediated differences still remained as 
relative exercise intensity is higher at the same velocity during exercise in hot 
environments (Lorenzo et al. 2011). All experimental trials were completed at the same 
time of day to minimise the influence of diurnal and circadian variations on exercise 
performance (Reilly 1990). The confounding variables of caf1cine and alcohol (72 hrs), 
., 
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non steroidal anti inflammatory medications (48 hrs) (Nielsen and Webster 1987; Van 
Wijck et al. 2012), dietary supplementation (vitamins, ergogenic aids; 30 d), exercise (7 
d) (Morton et al. 2006), non exercise based thermal stressors (3 months) and hypoxic 
and hyperbaric stressors (3 months) were controlled for via abstinence prior to testing 
and throughout the testing period. A questionnaire was administered prior to each 
experimental trial and sampling timepoint to determine adherence to the aforementioned 
experimental control measures. Adherence was 100 % in all participants. 
'. i 
Participants were instructed to drink 500 mL of water 2 hrs before each experimental 
trial as per ACSM position stand (Sawka et al. 2007) and in line with recent work in the 
field (Hillman et al. 2011; Hillman et al. 2013). Hydration status was assessed via urine 
osmolality (UOsm) using a handheld digital refractometer (Osmocheck, Vitech 
Scientific Ltd, Horsham. UK) before any pre exercise measures were obtained and 
immediately after exercise. All participants were euhydrated (UOsm was < 600 
mOsmols.kg.H20 (Armstrong et al. 1994») prior to all experimental trials and remained 
euhydrated during each experimental trial despite UOsm increasing (Time; F = 63.7, P < 
0.001) immediately post exercise compared to basal. 
Temperate preconditioning group (TPG) 
Temperate flat ~ Hot downhill 
TPGTEMPFLAT 7d betw«n HPGHOTooWN 

20°C. Stl"'/.. RH experimental 30"e,50% RH 

1 % Gradient trials 
- 10 % Gradient 

Hot preconditioning group (HPG) 
Hot downhill I ... Hot downhill 2 
HPGHOTDO\"NI 7d betWetA HPGHOTOOWNl 
30 .. c, 50 "I. RH experimeBtal 3t> °e, 50 % RB 
- 10 % Gradieat trials -16 % Gradieot 
All experimental trial, co••ist or31 milt ""lIlia, at lactate 

threshold (~ 75 % VO.biM>'I.) 

Figure 5.1 Experimental design. V()~_. fmaximumoxygen upt."Utc}. 
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Physiological Measures 
Rectal temperature (Tre), skin temperature (Tsk), heart rate (HR) and Oxygen uptake 
(V02) were measured continuously during exercise. Rating of perceived exertion (RPE) 
and thermal sensation (TS) were measured every 5 min. Blood lactate (B[La]) and blood 
glucose (B[GluD concentrations were measured immediately before and immediately 
post exercise, while plasma volume was measured before each experimental trial. (See 
sections 3.31 - 3.35 and 3.38 for full details). Non-invasive measures (Quadriceps 
tenderness and VAS) of delayed onset muscle soreness (DOMS) were recorded 
immediately before, immediately post. 3 hrs post, 24 hrs post and 48 hrs post exercise to 
infer whether ElMO had occurred (See section 3.36 for full details). 
Statistical analysis 
Central tendency and dispersion are reported as the mean and standard deviation for 
normally distributed data and as the median and interquartile range for non-normally 
distributed data. Statistical analyses were completed using linear mixed models for 
repeated measures (IBM SPSS Statistics 19. Chicago, IL). The best fitting covariance 
structure was selected by minimising the Hurvich and Tsars criterion (Field 2009). 
Where significant F ratios for main and interaction effects occurred, post hoc 
comparisons were made with Bonferroni adjusted p values. Statistical significance was 
accepted at p < 0.05 (two tailed). 
5.4 Results 
Thermoregulatory response 
Exercising Tre (figure 5.2) was increased over time (F:::: 180.8. p < 0.001) and within the 
HPG compared to TPG (F = 8.5, p = 0.014) as main effects. Average exercising Tre also 
increased in HPGHOTDOWNI (38.3 °C; F :::: 14.3, p =0.002) and TPGHOTDowN (37.9 
°C; F == 6.1, P = 0.017) compare<.l to TPGTEMPn.AT (37.7 °C). Exercising Tre was 
increased during HPGHOT[)()WNI compan:d to "rPGTEMPFlxI bet';"'cen 5 .~ 30 min (p < 
0.05) and between 20 ~.. 30 min (p < O.OS} during TPGHOTn(lWN compared to 
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TPGTEMPFLAT but was decreased by OJ °C during HPGHOTDOWN2 (39J ± 0.3 0c) 
compared to HPGHOTDOWNI (39.0 ± 0.4 DC; F == 6.1, P == 0.017) at 30 min. Exercising 
Tre increased by 2.0 °C in both HPGHOTDOWNl (37.4 ± 0.3 °C to 39.3 ± 0.3 DC) and 
TPGHOTDOWN (36.9 ± 0.1 °C to 38.9 ± 0.1 0c) suggesting TPGTEMPFLAT did not 
induce any reduction in exercising Tre• All other main effects and interactions had no 
effect on exercising Tre• Exercising Tre reductions were observed within 4 out of 6 
participants who completed HPGHOT,x)WN2. When exercising Tre responses were 
compared between HPGI--IOT lx)wN2 and HPGHOT OOWNI within the four participants 
who responded a main effect for exercising Tre reductions of 0.3 °C (38.3 °C to 38.0 DC; 
F = 6.4, P = 0.015) was observed. 
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Figure 5.2A Rectal temperature (T,.) mean (standard dcv'iation) at 0 min - 30 min of exercise. A T,c 
increased (p < 0.005) during TPGHOTOOWI' compilirecl to TPGTEMPFl.AI" B Ttt decreased (p 0.017) 
during HPGHOTDOWN2 compared to HPGHOTj>OWN!' Figure 5.213 Individual rectal temperature responses 
at 0 min - 30 min ofexercise within the HPe;. iirror hlU"s omitted I,t,1 maintain clarity. 
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Heart rate (figure 5.3) increased over time (F = 324.5, P < 0.001) and in session 2 
(HPGHOTDowN2 and TPGHOTooWN) compared to session 1 (TPGTEMPFLAT and 
HPGHOTDoWNl) (F = 5.6, P = 0.040). Average HR increased during TPGHOTDOWN 
(162 beats.min-I) compared to TPGTEMPFLAT (147 beats.min- I; F:;::: 22.3, p =0.001) but 
did not increase in HPGHOTDOWNI (161 beats.min-!) compared to HPGHOTDoWN2 (157 
beats.min-I; F == 2.8, P = O. J28) and TPGTEMPFLAT (F == 3.3, P == 0.096) or in 
TPGHOTDOWN compared to HPGHOTDOWN2 (F = 0.5, P == 0.484). Heart rate also 
increased during HPGHOT DOWNI compared to TPGTEMPnxr at 20 - 30 min (p < 0_05) 
and in TPGHOTDOWN compared to TPGTEMPFLAT at 5 - 30 min (p < 0.05). Exercising 
HR decreased during HPGI-IOTDowN2 compared to HPGIIOTDOWNI between 20 - 30 
min however, this did not quite reach significance (8 beats_min- l ; ~ F = 3.8, p = ­
0.069). All other main effects and interactions had no effect on HR (p > 0.05). 
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Figure 5.3A Heart rate (HR) mean <standard deviatil)n, at 0 min •.~O min of exercise. A increased (p < 
0.010) during TPGHOT1lOwN compared tt' TPGTE:v1Pn.1\1 at 5 - 30 min. B increased (p' OJ)S!)) during 
HPGHOTDOWNl increased compared to TI>C3TEMP", AT at 20. 25 & 30 min. l(rrors bars omitted t() 
maintain clarity. Figure 5.3B Individual Heart rate (HR) responses at () min -30 min ()f exercise within 
the hot preconditioning !:,'TOUp. 
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Resting PV did not change (table 5.2) prior to HPGHOTDOWN2 compared to 
TPGHOTDOWN or HPGHOTDOWNI. Whole body sweat rate (- 0.6 L.hfl; p> 0.05; table 
3) and sweat rate per I °C Tre increase (- 0.1 I.°e increase; p> 0.05) also did not change 
during HPGHOT DOWN2 compared to HPGHOTDOWNl although it did increase within 
HPG compared to TPG (F == 9.4, P =0.007). All other main effects and interactions also 
had no effect on WBSR (p > 0.05). Therefore, alterations in PV and SR did not account .,';j' 
for the aforementioned exercising Tre and HR reductions. 
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Figure 5.4 Plasma volume (%) mean and individual responses. A TPG Mean responses. B TPG individual 
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HPGHOTDOWNl. 

Perceived muscle soreness response 
Visual analog scale of pain (figure 5.5) increased immediately post, 3hrs post, 24 hrs 
post and 48 hrs post exercise compared to basal (p < 0.001) and was also increased 
within the HPG compared to the TPG (F :::: 6.8, p =0.027). Visual analog scale of pain 
increased within TPGHOT[)()WNcompared to TPGTEMPFl.AT (F = 14.1, p = 0.003), and 
in HPGHOTIX)W~1 compared to TPGTEMPFLAT (F == 17.2. p = 0.001) and 
HPGHOTDOWN2 (F == 5.2, P == 0.042). Visual analog scale of pain increased from basal 
between immediately post to 48 hrs post f()llo\ving TPGHOT1)()WN and HPGHOTDOWNl 
(p < 0.00 I) and following HPGIIOTDOWN:! between immediately post - 3 hrs post (p < 
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0.05). A greater VAS increase occurred during TPGHOTDOWN and HPGHOTDOWN 
compared to TPGTEMPFLAT immediately post, (F = 7.2, P :::; 0.011 and F = 11.8, P == 
0.002), 3 hrs post (F == 6.1, P == 0.019 and F == 9.1, p:::; 0.005), 24 hrs post (F = 12.2, P = 
0.001 and F :::; 25.0, p < 0.001) and 48 hrs post exercise (F == 14.3, P == 0.001 and F :::; 
30.4, P < 0.001) respectively. However, VAS decreased at 24 hrs (F == 12.6, P == 0.001) 
and 48 hrs post (F :::; 11.3, p :::; 0.002) during HPGfIOTDOWN2 compared to 
HPGHOTDoWNl indicating an attenuated DOMS response occurred. All other mam 
effects and interactions had no effect on VAS (p > 0.05). 
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Figure 5.5A Visual analog scale Qf pain (VAS) median (interquartilc range) immediately before, 
immediately post, 3hrs post, 24 hrs pt)st and 48 hmll''S post exercise. A increased (p .; 0.00:5) during 
TPGHEATooWN compared to TPGTE\IPI11AI. B incn.:ased (p <: 0.0(1) during HPGHOTc,()y'>"N1 compared 
to TPGTEMPFI..AT. C decreased (p <: 0.00 I) during HPOHOlpI)\\'N: compared (I) HPGHOT1)l,\wsl. Error 
bars omitted to maintain clarity. Figure 5.5B VAS individual responses following TPOTEMPl'IAr. 5.5C 
TPGHOTDOWN, 5.5D HPGHOT[)(}WNI and S.SE HPGHOT,:l()'WN:' 
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Quadriceps tenderness (figure 5.6) was increased immediately post exercise (p < 0.001), 
3 hrs post (p < 0.001), 24 hrs post (p < 0.001) and 48 hrs post exercise (p ::::: 0.049) 
compared to basal. However, all other main effects and interactions had no effect on 
quadriceps tenderness (p > 0.05). Consequently, there was no difference in quadriceps 
tenderness between experimental trials. 
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Figure 5.7 Quadriceps tenderness mean (standard deviation) immediately before, immediately post, 3hrs 
post, 24 hrs post and 48 hrs post exercise. Error bars omitted to maintain clarity. 
Metabolic response 
Blood lactate concentrations (Table 5.2) was increased immediately post exercise 
compared to basal following TPGHOT[)()I),N (F :::::: 11.0. p 0= 0.0(6) and HPGHOT[)()WNI 
(F = 13.3, p = 0.003) by 1.0 mmo!.!"' and following HPGHOTDowN2 (F =5.7, P = 0.035) 
by 0.3 mmol.r l but not following TPGTEMPFLAT (F == 0.0, p = 0.874). This suggests 
anaerobic metabolism was greater during the HOToo\VN trials compared to TEMPFLAT. 
All other main effects and interactions had no effect on B[La] (p > 0.05). By contrast, 
although oxygen uptake (VO:;) increased (F ;: 236.0, p < 0.001) there was other no 
significant main or interaction effects (p ::> 0.05) indicating oxygen consumption did not 
differ between conditions. 
Blood glucose concentrations Cfable 5.2) increased hy 1.0 mmol.l' immediately post 
exercise compared to basal during H?GHOTlloWNl (F "" 7.3, P "'" (L020). However this 
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increase was blunted (0.2 mmol.l-], F = OJ, p = 0.564) following HPGHOT DOWN2 
indicating an attenuated disturbance of glucose homeostasis. Blood glucose 
concentrations did not change following TPOHOTDOWN (F = 0.3, p = 0.591) or 
TPGTEMPFLAT (F = 1.3, p = 0.280). Blood glucose concentrations also increased in 
HPG compared to TPG immediately post exercise (F = 4.6, P = 0.043), however, all 
other interactions and main effects had no effect on B[G\u] (p > 0.05). Therefore, 
glucose homeostasis was maintained following HPGHOTDowN2 while B[La] and V02 
which did not change between HPGHOTrx)WNl and HPGHOTt)owN2. 
Perceptual response 
Rate of perceived exertion (Table 5.2) increased during HPGHOTDOWN] compared to 
TPGTEMPFLAT at 5 min (p == 0.024) and between 10 - 30 min (p < 0.001). Rate of 
perceived exertion also increased during TPOHOT DOWN compared to TPGTEMPFLAT at 
5 min (p = 0.021), and between 10 - 30 min (p < 0.001). Thermal sensation (Table 5.2) 
also increased during HPGHOT1X)WNI (p < 0.006) and TPGHOTDOWN (p < 0.001) 
compared to TPGTEMPFLAT between 5 - 30 min. However, neither RPE or TS 
decreased (p > 0.05) during HPGHOT1xlWN2 compared to HPGHOTDOWN! or 
TPGHOTDOVv1~ respectively indicating that the perceptual response to HOTDOWN did not 
change despite exercising Tre reductions. 
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Table 5.2 Physiological and perceptual responses 
---------------~--------~~~~----~~~~--------
TPGTEMPFLAT TPGTEMPDOWN HPGHOTDOWN! HPGHOTDOWN2 

B[La] (mmo!.r J) Basal 1.0 ± 0.3 0.8 ± 0.1 0.6 ± 0.1 0.8 ± 0.2 

Immediately post 1.0 ±, 0.3 1.8 ± 0.5* 1.6 ± 0.8* 1.1 ± 0.6* 

BfGlu] (mmo!.rl) Basal 5.0 :1: 0.3 4.6 ± 0.4 4.6 ± OJ 4.7 ± 0.3 

Immediately post 4.5 ± 0.9 4.8 :1: 0.4 5.6 ± 0.8* 4.9 ± 0.6 

{irine Osm(liality Basal 250.0 ± 200.0 150.0 ± 40.0 165.0 ± 152.5 170.0 ± 185.0 

(mOsmols.kg H20) Immediately post 310.0 ± 60.0B 330.0:.1: 100.OB 390.0 ± 267.SB 430.0 ± 305.0B 

B,~d~ weight fkg) Basal 77.2±\6,4 76.9:tI7.2 75.6:1:11.7 75.9±11.6 

Immediately post 76.6 ± 16.2 76.2:i 17.4 74.1 ± 11.6 74.7 ± 11.7 
l.0 1:: 1.0 1.3:l:: 1.3 2.91:: 1.lt' 2.3 ± I.l c 
-------~---
omin 5 min 10 min 15 min 20 min 25 min 30 min 
--- ---- .- -- - ------ - ---- ---- ------- --------------_._- -----­
1\1 6A1 1.8 34.3t: 4.2* 35.1 ± 5.6* 36.2:-1: 6.4'" 36.1 ± 5.6* 35.9 ± 5.0* 36.0 ± 4.0* 
'HJ(iHOlnnw*<i 6JH 1.0 34.2 I 6.2* 35.1 ± 6.5* 36.1 ± 7.8* 36.7 x 7.g* 36.1 ± 6.8* 36.2 ± 7.2* 
HPGHOlrnwlNI 6.31-1.5 32.0 1.8* 32.6 i.. 2.1* 3-+.4 ~ 1.7* 35.6::!- 1.4* 36.7 ± 1.8* 37.2 ± 1.7* 
-'·JfQI!Ql~'-ttr~~_~_~~_.~§:~!l.~ __~._!~.j)__I:}* __J_]..:1~.J~6*_33.6i: _2.5~__ 35.4:ic 2A* 36.0 ± 2.7* 36.4 ± 2.8* 
RPE. 0 min 5 luin 10 min J5 min 20 min 25 min 30 min 
,,"_""__ w __,_·· __~·____ __ ,,__ ,_-__ __.~_, __ , ____"~_"o, 
\f -1:0.0 llU)± 10.4+0.8 11.8,~~1.5 12.6±1.5 13.2±\.6 13.4±1.6 
TP(iHOTnowN 6.0:10.0 11.4!:L3" 13.4±O.9f) 14.4±O.6D 15.4±0.9D 16.0±0.8D 17.3±1.0D 
HPGHOTnriW"1 6.0±O.0 tLSt: U D fJ.2±O.SD 14.2± I.lD lS.3±0.5D 16.5 ± 0.6D 17.5± 1.2D 
J:W91 iQIQ9\1f'1!""_"~_~_~~:~ ± O~_~lJJt:: Q:~.___12·~:t 0.8 13.7:1: 1.0 IS.l ± 1.0 16.0 ± 1.3 17.0 ± 1.3 
._T~J!Ll}!!!'.t_.._..________ ~ _____ iJ_mi'!__ ..._____~l~~__~._._!2-.!1~'.!.___ 15 min 20 min 25 min 30 min 
TPGJ1lMPFL\T 4.0 ± 0.0 3.6 ± 1.1 404 ± 1.0 5.0 ± 0.9 5.4 ± 0.7 5.5 ± 0.6 5.5 ± 0.7 
TPGHOTrXJWN 4.0:i:O.O 5.I:rO.7i> 5.6±0.i) 6.0±0.7lJ 6.6±0.7D 7.0±0.4lJ 7.3±0.3lJ 
HPGHOTnowNI 4.0 ± 0.0 4.7 ± 0.51> 5.3 ± OAIl 5.8 ± O.S!) 6.3 ± O.4D 6.8 ± DAD 6.9 ± 0040 
HPGHOToowm 4.0 ± 0.0 4.8 ± 0.4 5.5 ± 0.7 5.7 ± 0.7 6.3 ± 0.4 6.7 ± 0.4 6.8 ± 004 
-.;<inCrcaSed oornpare(j~hus~1 (p < 0.05), A_ (increased compared to HPGHOT1JOW'i'). a (increased from basal (main effect», ( (Increased in HPG compared to 
TPG), 11 (Increased compared to TPGTEMPn .,\!), 
92 
'~:::...::=--~:::. ;;~ :1 ~ 
~ ~ - - - -- -~ ­
EtW 
5.5 Discussion 
The current study demonstrated for the first time that an acute preconditioning trial 
(HPGHOTDOWN 1) decreased exercising Trc by 0.3 °C at 30 min of an identical trial 
completed 7 d later (HPGHOTDOWN1). A trend for exercising HR reductions (~ 8 
beats.min- I ) between 20 - 30 min during IIP(.lHOT!x)wN2 was obsened. but PV did not 
increase. Perceived muscle soreness (VAS) was not present before HPGHOTDOWN2 and 
was reduced following HPGIIOT[)oWN2 compared to HPGHOT!)oWNI at 24 hrs and 48 
hrs. Exercising Trc increased by 2.0 0(' during both HPGHOTnowNl and TPGHOTnoWN 
suggesting TPGTEMPFl.AT had no preconditioning effect. 
Thennoregulatorv and cardiovascular resnonse-,~ 
Previously, acute exercise heat stress di,l not induce eXercising TIC reductions 7 d later 
(Barnett and Maughan 1993) \\'ith 3 .- 5 repeated exercise heat stress trials typically 
required to reduce exercising Tn: during subsequent exercise heat stress (Marshall et al. 
2007; Garrett et al. 2009; Castle et al. 2011). Although similar exercising T re increases 
occurred during both the current study and the study of Barnett and Maughan (1993) 
(39.3 °C peak and 2.0 °C increased from hasal) the cardiovas(;uiar ,HR 189 beats.min- l 
compared to 180 beat.min'l) and mctahc'llk 0/0 V02m~>; compared to - 55 % 
V02max) strain induced was greater in the current study, 'fbe thermal and cardiovascular 
strain induced were also greater during fINHI()T!)ow~" compared to previous exercise 
heat stress based heat acdimation protocols \\here exercising Tn: and HR peaked 
between 38.4 - 38.7 0(' and'~ 160 bcat.min'l respectively (Marshallet al. 2007~ Garrett 
et a!. 2009; Castle ct al. 2011 ), The speed at \~ hich !c;!er:mce is acquired appears to 
be dependent on the magnitude them1:1! impulse induced (Taylor 2014) 
suggesting the faster adaptation {exercising T~~ reductions} in the current study could be 
due to the greater them1ul, cardil;wsscular and metaD<ilic strain induced during 
HPGHOTooWN1 • 
The increased thcm1ul and curdi()\ast:uhlf ~t.rain induted during HPGHOToow!'':! 
reduced exercising Ir,' during HPCiHOTl)llWNl improving heat dissipation a:.r.; resting 
• jq 
" I'. , 
,. 
f" 
Ire did not change between HPGHOTDOWN I and HPGHOIDOWN2. Improved 
cardiovascular stability could be one of the responsible mechanisms as exercising HR 
decreases sustain stroke volume. cardiac output and therefore, maintains cutaneous 
blood flow and thus heat dissipation to the environment (Gonzalez-Alonso et al. 2008). 
A trend for HR to be reduced occurred within 5 of the 6 participants who completed 
HPGHOTDOWN2, between 20 -­ 30 min of HPGHOTn{)WN2 (- 8 beats.min-I). Similar HR iT 
responses accompanied by exercising T!t. reductions of 0.2 - 0.4 °C within heat 
acclimation based protocols (Fcbhraio et al. 1994: Watkins et al. 2008) suggesting the 
HR responses within the current study v;;ere physiologically significant (Morton 2009). IIII 
Indeed statistical significance did not occur due to the small sample size (n = 6) and 
large number of time points (n :::: 7) restricting statistical power (Bates et al. 1992). These 
HR reductions do not appear to be underpinned by PV expansion which only occurred 
in 2 of the 5 participants who demonstrated J IR reductions. This is unsurprising as PV 
expansion typically decays faster than HR reductions. returning to basal values within 7 
d of exercise heat stress based heat acclimation programmes (Convertino et a!. 1980; 
Garrett et aL 2009). Consequently. autonc1mic adaptations likely underpin the HR 
reductions observed (Horowitz and Mciri 1993). Tilt! absence of PY expansion was not 
an artefact of the small sample silt' utili:-.cd a:-. 5 participants are sufficient to detect a 
significant 4.6 % PV increase (two tailed t\!st with alpha of 0.05 and power ofO.8). 
Improved cardiovascular stability was not accompanied by enhanced evaporative heat 
loss as WBSR and s\veat rate per I TIC increase did not change during 
HPGHOT[){)WN2 compared t() HPCiHOT!x)\\ ';1' This is not surprising as increased 
WBSR and mean T,k reductions typically require 5 - 7 daily exercise heat stress based 
thennal impulses (Cotter et al. 1997; Daanen et aL 201l; (Jarrett et al. 2014) suggesting 
the threshold for adaptation was Mt reached in a single experimental trial. Mean Tsk did 
not change. probably due to the need tu ttltanenus blood flow for heat delivery 
to the skin surface and the sim ilar $\Veat ,."~"...,\,, ohs.er\<.,"d (Taylor 2014). 
Muscle damage induced by dt}\I-,'nhiB funning in lnmums increased thermoregulatory 
strain during subsequent t'xen,,'!se he;.ll ~~Tt!SS. hmAt'H!f, occur~ at least 46 min later 
(Montain et aJ. 2000: Forlcs (·t al. .•dthough :tn attenuated DOMS 
response suggests less muscle damage occurred following HPGHOT DOWN2 compared to 
HPGHOTDOWNJ this does not explain the exercising Tre reductions observed. 
Oxygen uptake and B[La] were similar in both experimental trials (HPGHOTDOWNI and 
HPGHOTDOWN2). However. these measures do not directly indicate metabolic strain 
which may not be the same in both experimental trials. Hence differences in ATP 
breakdown and therefore, heat production could partially explain exercising Tre 
reductions during fIPGHOTIXlWN2. 
11:'1 
, ' 
, i'lThe current study appears to suggt:st that the exercising Tn: reductions were probably 
caused by an improved rate of heat dissipation mediated by improved cardiovascular 
stability. The current study did not measure cutaneous bkt()d flow to confirm this 
, 
postulation. Therefore. future studies need t.o utilise laser doppler flowmetry or venous­ : II 
iI' 
! I 
occlusion plethysmography to verify this mechanism. Although numerous studies 
suggest sweat rate does not inereast.: until completion of 5 - 7 daily exercise heat stress 
trials this could be an cxpcri!nental artefact induced by POOf sensitivity of the WBSR 
technique (Marshall ct 0.1. 20(7). Instead future '.\lark should measure local sweat rates 
using ventilated sweat capsules as detailed previously (Patterson et a!. 2014). 
Practical applications and future wo~k 
An acute hot dov·;nhill running trial induced similar exercising Tre reductions as 3 d of 
repeated exercise heat stress trials (MHfshall I!t a!. 2007; Castle ct al. 2011). Despite 
these interesting results the small participant number (n '" in which exercising Tre 
reductions were observed suggests caution i!' n!lluired extrap()!ating these findings to 
applied settings. Indeed future re~carch programme should utilise larger study 
popUlations to confirm the observed results were not due to the four participants being 
high responders to cxercbc or thermal :,.,timulll.tion (Ta}k>r 14). A further concern is 
that perceived muscle sorent:Sl; (VAS I ing IIPClHOTnnwNl and 
TPGHOT!X)w~ peaking :1t 24 nrs t}O~t ext"fci~c before returning to basal v:dues by 7d. as 
per previous research (Eston ct al. 1 This n;sponsC' was (numerically) greater 
following IIPGH(n'pow1\ c{1mpared to IPGHOTIX)W'~. Huwcvcr similar VAS 
M 
increases were observed within participants who completed TPGHOT DOWN and four 
participants who completed HPGHOTDOWNJ. Therefore, the median VAS response was 
skewed by two outliers, participants 001 and 002. It is unclear why these participants 
experienced a larger DOMS response although physiological differences such as a 
higher percentage of type [J muscle fibres (Vijayan et al. 200 I) and lower basal HSP 
concentrations (Touchberry ct al. 2012) within the quadriceps could have caused these ,,, 
'I.:Ii: 
participants to be more susceptible to muscle damage. The attenuated DOMS response :\1 
'II 
during HPGHOTnowN2 suggests a repeated bout effect was induced by hot downhill 
running. Once the acute muscle damaging response has ceased this could attenuate the 
increased thermoregulatory strain induced by muscle damage providing protection 
against exertional heat illnesses during repeated or prolonged trials of exercise or , 
" 
occupational activities which are completed in hot environments with an eccentric 
:11 
.11component (Armstrong et a!. 2007: Fortes et al. 2013). Unfortunately, the acute muscle ' .., 
11'1
.. 
damage response following similar downhill nmning protocols lasts between 3 d - 7 d ".1 
(Eston et al. 1996; Etheridge et al. 20(8) and is associated with reductions in exercise 
performance (Marcora and Bosin ~007 y. These factors attenuate the ecological validity 
of any exercising Trc reductions induced by hot dO\vnhill running. as existing short term 
heat acclimation protocols induce similar exercising T:~. reductions of 0.2 °C - OAoe by 
the third daily trial of exercise heat stres:- fl\1;:mihall et al. 2007; Castle ct a1. 2011; Costa 
et al. 2014). Hence. future work needs to determine ,,,hether the muscle damage 
response following hot downhill running is resolved within this 3 d time period if a hot 
downhill running trial is to be used as an acute prec~mditkming intervention. 
Summary and conclusions 
The current study suggests an acute trial hot downhill running (HPGHOToow"l) can 

reduce exercising TIt' by 0.3 e,c at 30 min HPGHOTDO\ltl"~. 7 d later. Although these 

results are interesting future \vark needs to determine if exercising Tn: reductions still 

occur within larger study popu!mi\)f!s arl,' \:did. 

Chapter 6. Experiment 3: A novel intervention to 
attenuate the cellular stress response during exercise in 
a hot environment. 
jl'l 
"II 
6.1 Abstract 
\'1I, 
::1 
, i 
'\Heat acclimation (3 - 10 d) enhances thcnnotolerance via elevated basal HSP72 I 
" 
'" concentrations. but is not feasible vvhen rapid deployment to hot environments is "1 
'j 
required. This study sought to detennine vvhether an acutely delivered trial (downhill , II 
running in a hot environment). could attenuate Hspn mRNA and Hsp90a mRNA 
responses during a subsequent exercise trial 'while also elcyating vastus lateralis (VL) 
HSP72 concentrations. Participants were split into two groups. The temperate 
preconditioning group (TPG) completed 30 min nmning at lactate threshold (LT) on a ­
ii 
1 % gradient in 20°C and 50 % relative humidity (RH) (TPGTEMP"lxr) and 7 d later 
completed 30 min running at LT on -10 gradient in 30 "C and 50 % RH 
(TPGHOTDOWN). The hot preconditioning group (HPG) completed two trials of 30 min 
running at L T on -10 <;''0 gradient in 30 and 50 % RH (IIPGHOTnowNl and 
HPGHOT[)QWN::;) also separated by 7 d. Venous hl{)(~d samples and muscle biopsies 
(VL) were obtained before. immediately after, 3hrs post,. 24 hrs lX)st and 48 hrs post 
each experimental trial. Reverse transcriptase quantitative peR was conducted to 
determine Hsp72 mRNA. Hsp90u mRNA. Urpi& mR:-"A and Grp94 mRNA relative 
expression within leukOc)1eS and the V L.. Wt;stern blotting" as used to determine VL 
HSP72 concentrations. The Hsp72 rnRNA and Ihp9011 mRNA responses were 
attenuated within both leukocytes and the VI, following HPGHOT[x)wlIIZ compared to 
HPGHOTDOWNI. The attenuated exercising TI<.' and OOMS (within skeletal muscle) 
responses observed in chapter 5 were likel)' re~punsib!e a5 HSP72 increas.es occurred 
after TPGHOTIX)W~ and HPGIIOTlJnw},,:.. Hsp mR1\;A response maybe a 
useful surrogate for the VL rt~3pons..~. 
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6.2 Introduction 
Exercise, occupational activities and military operations are often completed within hot 
humid environments where a high heat load is induced increasing the risk of exertional 
heat illnesses (Epstein et aJ. 2012). Exercising TTt! reductions (Lee et al. 2006) and/or 
11'1, 
, , 
"elevated basal HSP72 (Yang et al. 1998) attenuate exertional heat illness risk. These 
,,''" 
" 
adaptations arc acquired by completing heat acclimation (HA) programmes with 
exercising Tre reductions occurring within 3 d (Marshall et a!. 2007; Costa et a1. 2014). i 
This may not be logistically viable, where rapid redeployment of soldiers and 
emergency workers to hot climates is required (Garrett ct al. 2(09), and for athletes due 
to disruption of the pre competition taper (Garrett et at 2012). Interestingly, in chapter 4 
Hsp72 mRNA was increased follov,:ing downhill running ami exercise completed within 
,il'
;1
a hot environment. In chapter 5 these stn:ssors were combined and used as an acute 
, II 
preconditioning trial (hot downhill). Previollsly, Hsp7:? mRNA increases following ,,'II 
exercise were translated into elevated basal IISP72 concentrations (Paulsen et al. 2007). 
Therefore, the HSP72 response following hot downhill should be investigated to 
elucidate vvhether hot downhill nmning hilS the potential to enhance HSP72 mediated 
thermotolerance as demonstrated during in vitro heat shock in human cells (Theodorakis 
et al. 1999) and in vim based rodent mndels ([,ee et al. :!006). 
Any reduction in exertional heat illness risk conferred by the exercising Tre reductions 
observed in chapter 5 or elevated basal HSP72 concentrations need to be con tinned via 
an attenuated cellular stress response. Previously. exercising TIe reductions following 
exercise heat stress and HSpn in\.:reases f!..l\1owing heat shock preconditioning in vitro 
attenuated the Hsp72 mRNA respul1s,: within PBMCs (Marshall ct al. 2007) and human 
cells (Theodorakis et al. 1999) respccthdy. Thcret1m.:'. the Hsp72 mRNA response 
appears to be a marker of thennotolenmcc and thu1> the magnitude of its induction could 
indicate the extent of cellular heat acclimation and therefore risk of exertional heat 
illness (Marshall et ttl. 2007). Similarly. the Hsp90u mRNA has been sugges1ed as a 
marker of thermotolerancc followlngcxerci!>e heat stress (Moran et nl. 20(6). Indeed 
HSP90u regulates transmission of signulling ca~cades (Taipale et al. 20 I 0). recovery of 
global protein synthesis (Duncan 200S} und reguhnitm of cellular repair (Erlejman et a1. 
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2014) and therefore, has a crucial role regu lating the cellular stress response and 
conferring thermotolerance. An attenuated Grp78 mRNA and Grp94 mRNA response is 
also of interest because it indicates when the unfolded protein response ends (Ron and 
Walter 2007) and may also act as a biomarker of thermotolerance within heat intolerant 
individuals (McMillan et al. 1998) where HSF-I signalling and Hsp72 mRNA and 
Hsp90a. mRNA transcription are attenuated. 
Previously, Hsp72 mRNA and Hsp90u. mRNA responses were measured within PBMCs 
or leukocytes (Moran et al. 2006~ Marshall et al. 20(7) as this is a highly accessible 
tissue. However, as discussed within section 2.2 thermotoierance may be of greater 
relevance within skeletal muscle. Unfortunately, obtaining mUltiple muscle biopsies 
prior to relocation to hot environment is a not viable for performance, comfort and 
medical reasons. Therefore. determining '!>hether leukoc)1CS are an appropriate 
surrogate tissue for determining skeletal muscle thermotolerance by measuring the 
Hsp72 mRNA, Hsp90a mRNA, Grp78 mRNA and Grp94 mRNA or protein responses 
concurrently within both tissues requires elucidation. 
Therefore, this experiment aimed to determine whether exercising Tre reductions during 
HPGHOTDOWN2 (observed in chapter 5) and any basal HSP72 increases prior to 
HPGHOTDOWN2 attenuated the Hsp72 mRNA. Hsp90 mR]\;A, (jrp78 mRNA and Grp94 
mRNA responses. This could indicate a reduced exertionsl heat illness risk. It was 
hypothesised that hot downhill running (HP(IHOT!)oWNI) would increase basal HSP72 
concentrations prior to the second hot downhill trial {HPGllOT!)ow~2) and attenuate the 
Hsp72 mRNA, Hsp90 mRNA. Grp78 mRNA and Grp94 mRNA responses afterwards. 
The temperate flat trial would have no pre\.:onditioning effect 
6.3 Method 
Participants 
Demographic variables (see table 6.1) \i\ere recorded fbr 1i male Caucasian participants 
were non smokers and were non hCtlt t'lcclimatcd (experimental trials completed 
between January and March \vithin the l'K; averllge temperatures 1.5 or -. 8.1 <:IC 
(MetOffice 2011». Body mass (kg) and height (em) were measured with a single set of 
mechanical scales (Weylux Marsden 424) and a stadiometer (Harpenden HAR- 98.602) 
respectively. Body composition was measured using air displacement plethysmology 
(Bod Pod 2000A) while LT and V02max were determined using a graded treadmill test 
(Jones 2007) (See sections 3.1 L 3.12 and 3.21). 
Sample size calculations for HSP72 were determined via G.Power 3.1 using data from a 
previous paper (Morton ct a!. 2006). For a t\VO tailed test \vith an alpha of 0.05 and 
! 1 
power of 0.8, 6 participants were required to find a significant HSP72 increases. The 
total sample size of 6 (5 in TPO and 6 in BPei) was dictated by orthopaedic surgeon 
availability and participant drop out. Surgeons wt:re only available during weekday 
afternoons (2 PM onwards) for an 8 week rotation. and an extensive biopsy time course 
was required. Therefore. only 12 participants could be completed. ! i 
Table 6.1 Participant demographic characteristic~ 
Temperate prectmditioning Heat preconditioning Group sig 
_______.--:g;::-TOUp (TPG)_..__..~._.. ,. __,,~ (HPG) (p < 0.05) 
Age (Years) 20.4 ~. :::.8 2 U± 2,3 0.426 
Height (em) 177.0±7.0 J80::10.0 0.593 
Body Weight (kg) 	 75.2~. 18.1 76.1 ± 12.3 0.931 

50.8,1; 6.9 52.8 5.0 0.587
V02max (mJ.kg.min·!) 

% Lean mass 88.31: I i.5 86.8 ,~ 4.8 0.777 

% Body Fat~._._J~2_~I.I.s..."._.. . ._,., ...,..!.~:2.;t 4J1,_.... ,__,...._._~.777 ___ 

ml.kg.min (rnillilitres per kilognl.rn per minute), YO;'h... (maximum oxygen uptake). 
Experimental design 
Participants were split into two i:x!'>erimental groups (see figure 6.1). The temperate 

preconditioning group (TPG)conditioo featured two exercise trials separated by 7 d: 

TPG Exercise trial 1) Temperate flat rfPGTF'\ItP, ;Al \vhieh im,'olved 30 min running 

at the L T on a 1 % gradient in 20 "C. SO ".II, RH. 

TPG Exercise trial 2) 7 d post TPGTF\11>p \t. 

involved 30 min downhill running at the 1'1' no a ~ i () 1lradiem in "c, 50 % RH. 
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The hot preconditioning group (HPG) condition again featured two exercise trials 
separated by 7 d: 
HPG Exercise trial 1) Hot downhill (HPGHOTDoWNl) which involved 30 min downhill 
running at the L T on a -10 % gradient in 30°C, 50 % RH. 
HPG Exercise trial 2) 7 d post HPGHOTrx)\,VNI. hot downhill 2 (HPGHOT1x)WN2) which 
involved 30 min downhill running at the LT on a -\0 % gradient in 30 0('. 50 % RH. 
All experimental trials were completed at the running velocity which clicited the LT to 
minimise differences in metabolic strain bet\v;.:cn experimental trials (Baldwin et a1. 
2000). However, environmental temperature mediated differences still remained as 
relative exercise intensity is higher at the same velocity during exercise in hot 
environments (Lorenzo et al. 20 II). A11 experimental trials were completed at the same 
time of day to minimise the influence of diurnal and circadian variations on exercise 
performance (Reilly 1990). The confounding variables (If caffeine and alcohol (72 hrs), 
non steroidal anti inflammatory medicati(lns (48 hrs) (Nielsen and Webster 1987: Van 
Wijck et al. 2012), dietary supplementation (,vitamins. ergogenic aids: 30 d), exercise (7 
d) (Morton et al. 2006). non exercise based thermal stressors (3 months) and hypoxic 
and hyperbaric stressors (3 months) were controlled for via abstinence prior to testing 
and throughout the testing period. A 'Juestiormaire was administered prior to each 
experimental trial and sampling timcpoint to determine adherence to the aforementioned 
experimental control measures. Adherence was 1 00 l:l/~ in ~in participants. 
Participants were instructed to drink 500 mL of water ~ hI'S before each experimental 
trial as per the ACSM position stand (Sa\l.k,a ct a!. 2(07). Hydration status was assessed 
via urine osmolality (tiOsm) using a handheld digital refractometer (Osmocheck. 
Vitech Scientific Ltd, Horsham. UK) before any pre exercise measures VI/ere obtained 
and immediately after exercise. AU participants were euhydrated (UOsm was < 600 
mOsmols.kg.H20 (Armstrong et at 19(4)) prior to an expt.'rimental trials and remained 
euhydrated during each experimental trials despite UOsm increasing (Time; F "" 63.7. P 
< 0.001) immediately post exercise compared to b~1. 
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Figure 6.1 Experimental design. V02m" (maximum oxygen uptake). 
Molecular physiologv measures 
Leukocytes were isolated from venous b~ood samples and muscle biopsies were 
obtained from the VL immediately before <basal), immediately post, 3 hrs post, 24 hrs 
post and 48 hrs post exercise. The TRlzol method was then used to extract RNA from 
both leukocytes and the VL and RT~QPCR \vas perfonned to ascertain Hsp72 mRNA, 
Hsp90u mRNA Grp78 mRNA and Grp94 mRNA relative expression. Protein was 
extracted using a protein lysis buffer and ,!"estern blotting \vas performed to ascertain 
HSP72 concentrations within the VL samples (:;ee sections 3.41 - 3.46). 
Statistical analysis 
Central tendency and dispersion are reportc!d as the mean and st..'\Ildard deviation for 
normally distributed data and as the median and interquartile range for non-normally 
distributed data. Statistical analyses were comp!eted using linear mixed models for 
repeated measures (IBM SPSS Statistics 1 Chk.tgo..IL). The best fitting covariance 
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structure was selected by minimising the Hurvich and Tsai's criterion (Field 2009). 
Where significant F ratios for main and interaction effects occurred, post hoc 
comparisons were made with Bonferroni adjusted p values. Statistical significance was 
accepted at p < 0.05 (two tailed). EfTect sizes for HSP72 were determined using 
Cohen's d equation (Cohen 1992): 
~4 ,\4 IS"I')}) ',/(f iYJg1'lJlJfli I 'lxrollrJ.~' ." oolt< 
Where M is mean and SD is standard deviation. 
6.4 Results 
Vastus lateralis Hsp mRNA response 
To determine their suitability as markers of the cellular stress response the Hsp72 
mRNA, Hsp90u mRNA, Grp78 mRNA and Grp94 mRNA responses were assessed 
within the VL. Vastus lateralis Hsp72 mRNA increased immediately post (p < 0.001) 
and 3 hrs post exercise (p == 0.002) compared to basal. Vastus latcralis Hsp72 mRNA 
also increased within TPGHOTnow,\ compared to TPGTEMPF!.AT (F == 5.1. p == 0.026) 
but not within HPGI--IOTr){)W~l compared to TPGTEMPILAT (F = 3.6. p = 0.078) or 
HPGHOTIX)WN2 (F = 1.3. P == 0.256). Vastus lateral is tisp72 mRNA increased following 
TPGHOTooWN (p < 0.001) immediately post exercise compared to basal (p < 0.001), 
TPGTEMPn,AT (F == 24.2, P < 0.001) and IIPGHOTIlowN2 (F ::" 9.7. p 0.003). Vastus 
lateralis Hsp72 mRNA increased folIcming HPGIlOl )\\,1-:i (p -< 0.0(1) immediately 
post exercise compared to basal \vith increases <llsn observed compared to 
TPGTEMPFl.AT immediately post (F "'; 9.2. p :::: 0.004) and 3 hrs post (F :::: 6.6. p :: 0.013) 
and HPGHOTrxlWN2 immediately post exercise {f 5.0. P "'" O.028}. All other main 
effects and interactions had no effect (p;> 0.05, on VI. Hsp72 mRNA. 
I" 
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Figure 6.2A Vast us lateralis Hsp72 mRNA A Median (lnterquartile r.mge) immediately before, 
immediately post, 3 hrs post. 24 hrs post and 48 hI'S post exercise. Data are presented as fold change from 
basal. * increased (p < 0.00 I) compared to basal. A. increased (p WI 0.02'0) in HPGHOT0(1""'N1 compared to 
TPGTEMPFLA1• B increased (p' 0.001) in TPGHOTnov.s comparoo to TPGTf~:VJPri.AT' C increased (p 
0.028) in HPGHOT!XJw:-;, compared to HPGHOT:;(}IA~.> 0 increased in TPGHOToows compared to 
HPGHOTooWN2· 6.2B vastus lateralis Hsp72 mRNA indi'''' idual responses for TEMPl-v.T, 6.2C 
TEMPOOWN, 6.2D HOT FLA! and 6.2E liOT!XlW ..... 
Vastus lateralis Hsp90a mRNA (figure 6.3) increased immediately post exercise 
compared to basal (p < 0.(01). Vastus lateralis I"Isp9Oa mRNA decreased within 
HPGHOTooWN2 compared to I-IPGHOTI;()w,.,;! (F 7.S. P 0.(16), however, 
HPGHOTDOWN1 (F ;;:; 2.5, p =: 0.142) and TPGHOToowN \f "" 2.5. p= 0.134) did not 
increase compared to TPGTEMPn...l\T. Vastu!> latemlis Hsp90a mRNA increased 
immediately post exercise follov,dng TPGH()Tl)ow~ (I' < 0.00 1) compared to basal, 
TPGTEMPFI.AT (F = 8.4. P 0.0(6), and HPGHOTr»l1WNJ (F =7.4. P !:t.' 0,(10). Vastus 
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lateralis Hsp90a mRNA increased immediately post (p < 0.00 I) and 3 hr post following 
HPGHOTooWN l compared to basal (p = 0.020). Vastus lateralis Hsp90a mRNA also 
increased during HPGHOTDOWl\l compared to TPGTEMPFl•AT immediately post (F == 
4.3, P == 0.044), 3 hrs post (F == 4.4. P := 0.043) and compared to HPGHOTDOWN2 
immediately post exercise (F == 19.4, P < 0.001). Group and experimental trial as main 
effects and all other interactions had no etTect (p > 0.05) on VL Hsp90a mRNA. 
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Figure 6.3A Vastus lateral is Hsp90n mRNA Median (lnterqu.m1ile range) immediately before, 

immediately post, 3 hrs post, 24 hrs post and 43 hrs po!rt exercise. Datn are presented as fold change from 

basal. * increased (p < 0.001) compared to basal. A incrLt.'Ueid (p O.OOO) during TPGHOTi!Xl\¥N 

compared to TPGTEMPHJ\'f' B jn¢l"..:~tSed (p 0.00l) IH>GH01DlIWN • compared to 

HPGHOTOOWN2. C increased (p < 0.05) durinht HPOHOTtI()'iII"I;: compared to TPGTEMP/llAT. D increased 

(p = 0.01) during TPGHOT1)()wI' compared k) HP(n'0100"'I'i~' Fisure 6.3'0 VaMUS later,)]is Hsp90a. 

mRNA individual responses tor TPGTF:'\tP,;.\t. 6J(" TPGHOT!){I\v:.. Figure 6.3D 

HPGHOTooWN1 and Figure 6.3E IIPGH()Tll(I\IVN~. 
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Vastus lateralis Grp78 mRNA (figure 6.4) increased (p < 0.002) immediately post, 3 hrs 
post, 24 hrs post and 48 hrs post compared to basal. Vastus lateralis Grp78 mRNA also 
increased within the TPG immediately post (p "'" 0.003) and within the I-WO at 3 hrs post 
(p < 0.001) and 24 hrs post (p < 0.001). Vastus lateralis Grp78 mRNA increased 
following TPGHOT DOWN immediately post (p < 0.001), HPGHOT DOWN] 3 hrs post (p ;;:: 
0.001) and 24 hrs post (p = 0.009) and following HPGHOTIX)WN2 24 hrs post (p == 
0.003) but did not change following TPGTEMPFL".\T. Therefore. the VL Grp78 mRNA 
response was not attenuated following HPGHOTnowN2. Group and experimental trial as 
main effects and all other interactions had no effect (p > 0.05) on YL Grp78 mRNA. 
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Figure 6.4A Vastus latcralis Grp78 rnR~A \1t'iin hef~)re. immediately 
post, 3 hrs post, 24 hrs post and 48 hr:. po-M txt'l't:l:i<C. rhtw. aR' ~ fQld from b;}s<1.!. '* 
increased (p < 0.01) compared tt) bao;.al. A iru:rt~lt.'ied!p , 0.0.31) during BPGiiOTn>l'w,,, compared tQ 
TPGTEMPFLAT. B increased (p' D.OO II durim~ H!~<) 11'(; {\rt~rell5A:d fp during 
TPGHOTDOWN compared to HPUlIO 11)(\\\ .,:. i) 110 I) during fPGti()T,l\ij'A'" com~'Jared to 
TPGTEMPFl,AT' Figure 6.4B V!i.S\U$ latcrnli.. fur TP(n'E~PnAf' 
Figure 6.4C TPOHO'lI)!)w,", Figure 6AD HP(.!! :.:".~",: 
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No main effect or interaction had any effect on VL Grp94 mRNA (Figure 6.5; p > 0.05). 
0.11 C TPGTEMPFLAT 
£'Sl TPGTEMPI)< 'WN 
l1li HPGHOT))( IWNI 
_ HPGHOTnowN~ 
z,LJ l~ 	 JL
~ ~ ~ ~ 	 ~ ~ ~ ~ ~ ~ ~ ~ ~ 0.0 	 '- ~ 
B8'III Imllfltdialriy polt 3 Iln post 24 lin post 48 Iln po!t 
That 
Figure 6.5 Vastus lateralis Grp94 mR:\A Median (lnterquartile range) imm~diately before, immediately 
post, 3 hrs post, 24 hrs post and 48 hrs post exercise. Data are presented as tbld change from basal. 
Leukocyte Hsp mRNA response 
Leukocyte Hsp72 mRNA. Hsp90a mRNA, Grp78 mRNA and Grp94 mRNA responses 
were then assessed to determine whether these responses were suitable surrogates for 
the VL Hsp mRNA response. Leukocj1e Hsp72 mRNA (figure 6.6) increased 
immediately post (p < 0.001) and 3 hrs post exercise (p ;;:: 0.004) compared to basal. 
Leukocyte Hsp72 mRNA was increased within HPGHOTDOWNl compared to 
TPGTEMPFLAT (F= 4.2, P ::::: 0.049) and 'i'la::; decreased vvithin HPGHOT!X)WS2 
compared to HPGHOTDowN1 (F "" 10.2, P G.003). Group and experimental trial as 
main effects and all other intenwtioI1s had DO effect (p :> 0.(5) on leukocyte Hsp72 
mRNA. 
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Figure 6.6A Leukocyte Hspn mRNA Median (Interquartile m.nge) immediately before, immediately 
post, 3 hrs post, 24 hrs post and 48 hrs post exercise. Data are presented as f()ld change from basal. A 
HPGHOTDO\\'N1 increased(p '" 0.049) compared to HP'GHOT!)(I\\'N:Z. B HPGHOTIXW::-<l increased (p -= 
0.003) compared to l'PGTE!\lU)Fl.Al. Figure 6.68 Leukoc)tt Hsp72 mR};A individual responses for 
TPGTEMP~1.AT, 6.6C TPGHOT!)()w;:, 6.6D HPmlOTI>i!\1il'ii nnd 6.6E HPGHOTD()\\fN> 
Leukocyte Hsp90a mRNA (figure 6.7) increased (p <: 0.(01) immediately post exercise 
compared to basal. However, leukocyte Hsp90<1 mRNA was increased following 
TPGHOTDOWN immediately post (p "" O.O~4) compared to basal. but did not change 
following TPGTEMPFLAr• LeukQcy'tc Hsp90cf mRNA also increased following 
HPGHOTDOWNl immediately post(p ".;; 0.00 I j and 3 hrs post {p ;.::; 0.041) but did not 
increase following HPGHOTlX)WN2 suggesting a blunting ofthe cellular stress response. 
Leukocyte Hsp90a mRNA als(.) increa.sed following HPGHEATvnwNl (F "'" 10.!. P ::::: 
0.002) and TPGHOTDUWN (F 5.3, P 0.0::4) ~ompured to TPGTEMPH.AI immediately 
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post exercise, but decreased following HPGHOTDOWN2 compared to HPGHOTDOWN I 
immediately post exercise (F = 4.9, P = 0.030). There was no difference between 
HPGHOTDOWN2 and TPGHOTDOWN immediately post exercise (F = 1.8, P = 0.188). 
Group and experimental trial as main effects and all other interactions had no effect (p > 
0.05) on leukocyte Hsp90a mRNA. 
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Figure 6.7A Leukocyte Hsp90a mRNA Media.n Onterqumile l1Iflge) immediately before, immediately 
post, 3 hrs post, 24 hrs post and 48 or:; post exercise, Data are prcse-nted as fold change- from basal. * 
Hsp90a mRNA increased (p <: 0.025) compared to ba.'>a.I. A Hsp900 mRNA increased (p '" 0.(24) during 
TPGHOTDOWN compan::·d to T?Gn~MPnl\I' B thp90u mR~A im::rtased (p '" 0.050) during 
HPGHOTDOWN I compared to HPGHOTI)f)W'11' C HSp90(1 mRNA (p O.O{)2) during HPGHOT[)()\\!'I 
compared to TPGTEMPH.A!' Figure 6. 78 Leukocyte Hllp90a mR1'.A individual responses for 
TPGTEMPFl,Al', 6,7C TPGHOT!~)\\il\. 6.70 rIPGIIOTlx"'\!>ii. !Llf HPGHOT\l<lw\:. 
~ h..p~I\;Mi('~,.. l:hR;p(* ::.bift~ .l)t;j-,..... 
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i 
All main effects and interactions had no effect on leukocyte Grp78 mRNA (Figure 6.8 
A) and leukocyte Grp94 mRNA (Figure 6.8 B). Therefore, leukocyte Grp78 mRNA and 
leukocyte Grp94 mRNA did not change following any of the experimental trials. 
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Figure 6.8A Leukocyte Grp7& mRNA Median Figure 6.8B Leukocyte Grp94 mRNA Median 
(Interquartile range) immediately befC)re. (Interquartile range) immediately before. 
immediately post, 3 hrs post, 24 hrs post and 48 1m immediately post, j hIs post, 24 hrs post and 48 hrs 
post exercise. Data presented as f()ld change from post exercise. Data presented as fold change from 
basal. basal. 
Vastus lateral is HSP72 protein response 
Vastus Lateralis HSP72 concentrations (Figure 6.9) increased at 48 hours compared to 
basal (Mean difference = 32.3 %; 95~/() CI "" 7.8 % to 56.9 %, p = 0.003). The 
interaction between experimental trial and time showed VI. HSP72 increased following 
experimental trial 2 (TPGHOTDoWN and HPGII0Trxl1},\j:!) at 48 hrs compared to basal 
(Mean difference =-: 51.7 c:;,o: 95 % Cl "" 13.6 ~/O to 89.9 %. p :=: 0.0(2) and compared to 
experimental trial I (TPGTEMPn.AT and IWGIIOTIXIWS1; 112.9:i: 31.2 to 157.5 ± 30.9 
%, F = 11.4. p = 0.001). Group andexpL:rimentai trial as main eflects and all other 
interactions had no effect (p> 0.05) on VL HSP72. 
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Figure 6.9A HSP72 protein concentrations \·1ean (l'tandaro d1tviatioll) immediately before. immediately 
post, 3 hrs post, 24 hrs post and 48 hrs post exercise. 1)lIt<l presented as % change from TPGTEMPn.AT 
basal (in TPG) or HPGHOTooW'>:1 basal (in tWO). increased (I' O.t)02) c()mparcd to basal during 
TPGHOTDOWN and HPGHOTrx)\\'N: in combinatkm. A increased (p "~ 0.00 I) in TPGHOT[x)w;.o and 
HPGHOTDOWN2 compared to TPGTE~1PFlA: and Figure 6.9B Hspn protein 
concentrations individual responses for TPGTEMPHA!. 6.9C'fPGHOT[}()II.S, 6.9D HPGHOTllOWNI and 
6.9D HPGHOTDOW>l2. 
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Figure 6.10 ExampJe HSP72 Western blots. Con (Control sample), IP (immediately post exercise) 
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6.5 Discussion 
The current study demonstrated that Hsp72 mRNA and Hsp90a mRNA increases 
following HPGHOTDOWN I within the VL and leukocytes were attenuated when 
exercising Tre and DOMS decreased during HPGHOTDOWN2. This suggests Hsp72 
mRNA and Hsp90a mRNA are markers of the cellular stress response. Leukocyte 
Hsp72 mRNA and Hsp90a mRNA could be a useful surrogate for the VL response. 
Acute hot downhill running cannot confer HSP72 mediated thermotolerance as HSP72 
concentrations only increased 48 hI'S after TPejlWTllowN and IIPGHOTnowN2. 
Cellular stress response and surrogate lisp mRNA response 
The attenuated Hsp72 mRNA and Hsp90a mRNA responses suggests cellular stress 
was reduced during HPGHOTDowN2 compared to HPGHOTrx)\\'NI. Sequestration of 
HSF-l was not HSP72 mediated because HSP72 concentrations did not change before 
HPGHOTDOWN2. Instead the attenuated exercising Tre- and DOMS responses were likely 
responsible. This is in agreement with previous research where the leukoc}1e and VL 
Hsp72 mRNA responses were attclluatcd following repeated trials of exercise heat 
stress (Marshall et aI. 2(07) and musch: damaging exercise (Vissing et al. 2(09). Within 
these studies exercising Tre (l'vlarshail et al. 2(}07) and muscle damage (Vissing et al. 
2009) were reduced but HSP72 did not change. Protein denaturation and oxidative 
stress are positively correlated with Tr( (Mcstrc·Alfaro et 81 2012) and ElMO (Garcia­
Lopez et al. 2007) increases. and thus exercising Tn: and DOMS reductions likely 
attenuated protein denaturation and oxidative stress response reducing the stimulus for 
Hsp72 mRNA and Hsp90a mRNA transcription f"'Zo!:'l!e et al. 20(8). Metabolic strain is 
dependent on cellular temperature and can indul:c cellular stress 'Via ATP depletion 
mediated protein denaturation (Beckmann et al. 1992), Therefore, a reduced metabolic 
strain may occur concurrently \vith exercising n..'ductions and thus partially explain 
the attenuated Hsp72 mRNA snd Hsp90tt mR'NA respon~es. 
Following both liPGHO'l!)(lw!"1 and HPGHOTr)()W~2 (jrp78 mRNA increased despite 
exercising Tre and DOMS reductions during (If foUowins HPGHOTDOWS: which are 
associated with reduced pr(Jtein denatumtiort. key edh,dar change regulating Grp78 
--------------------------------~-------- ------­
mRNA transcription. Therefore, the Grp78 mRNA response likely reflects the need to 
increase ER protein folding capacity to aid cellular adaptation (Ron and Walter 2007) 
rather than a marker of the cellular stress response, although this needs clarification in 
vivo. In contrast Grp94 mRNA did not change following any of the experimental trials. 
Previously, in rodents, Grp94 rnRNA increased following 5 d of running but not after an 
acute running trial (Wu et al. 2011). These increases occurred concurrently with 
increased concentrations of GRP94 client proteins such as insulin like growth factor - I 
(Eliakim et al. 1997) suggesting Grp94 mRNA upregulatioi1 reflects an increased need 
to maintain client protein function rather than an acute cellular stress response. 
Upregulation of Hsp72 mRNA and Hsp90o: mRNA occUlTed concurrently within both 
the VL and leukocytes (-50 % of VI. increases). Therefore, the leukocyte Hsp72 
mRNA and Hsp90a mRNA responses coule..! be suitable surrogates for the VL response 
and could potentially infer skeletal muscle thennotolerance less invasive!y. The 
mechanisms responsible for this concurrent response are unclear. Damage associated 
molecule patterns (DAMPs), endogenous nucleic acids, circulating cell free DNA 
(cfDNA) (Atamaniuk et a!. 2004) and extracellular HSPs (Whitham et a!. 2007) are 
released from stressed or damaged cells nnd tisslIes into the bloodstream following 
exercise and exercise heat stress activating a Tl.R dependent leukocyte stress response 
(Neubauer et al. 2013). However. there is no evidence f()r extracellular HSP72 
(Febbraio et al. 2002) or other DAMPs lx-ing re'lca!l<cd from skeletal muscle following 
exercise in humans. Therefore, elevated thermal strain in both tissues likely explains the 
observed response. An exercising Tr~ above 39.0 cC ""'as required to induce large 
leukocyte Hsp72 mRNA and Hsp901l mRN,,\ increases 3 fold). This supplements 
observations within chapter 4 suggesting isolating tissues (I)mphocytes and monocytes) 
with more sensitive HSP72 responses (Fehrenb~tCb et a!. 2001; Oehler et a!. 20(1) 
would improve ecological validity the HTI"''"'''' n)eu!-,ure in applied situations, such 
as heat stress tests where exercising nr~t 38.5 (l\loran et a!. 2006; 
Garrett et at. 2009). 
Although VL Grp78 mRNA increases were onst'rvcd following HPGHOT!)(')w:N! and 

HPGHOTnowN2, leukocyte Grp78 rnRNA did not change. A greater cellular stress 
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response is required to upregulate Grp78 mRNA compared to Hsp72 mRNA and 
Hsp90a rnRNA increases as previously demonstrated in humans following acute 
endurance exercise (Neubauer et al. 2014). This could be because protein folding 
capacity within the cytosol typically needs to be exceeded before denatured proteins are 
transferred to the endoplasmic reticulum during cellular stress in vitro (global protein 
synthesis is switched off) (Ding and Yin 2008). Thus this confirms the observation in 
chapter 4 that there is insufficient cellular stress within the current experimental model 
to induce leukocyte Grp78 mRNA. 
HSP72 protein response 
Increased HSP72 concentrations of 157.5 % were observed 48 hrs after TPGHOT DOWN 
and HPGHOT1)(lWN2. These increases appear to be large enough to enhance 
thermotolerance as previously, HSP72 increases of between 17.7 % - 70 % conferred 
enhanced thermotolerance within human PBMCs heat shocked ex vivo as indicated via 
an attenuated HSP72 response (McClung et a!. 2008; Amorim et al. 2011). However, 
HSP72 increases within these studies only occurred simultaneously with enhanced 
therrnotolerance and thus as HSpn function was not inhibited causation cannot be 
attributed. This is particularly relevant as other adaptations including optimisation of 
transcriptional and translational processes (Touch berry et a1. 2012) and elevated 
concentrations of anti apoptotic (Horowitz 2014) and antioxidant (Horowitz and Kodesh 
2010) proteins are implicated in conferred thermotolerance. Further, as experiments 
were conducted within leukocytes it is unclear whether thermotolerance would also be 
conferred within skeletal muscle. 
The ecological validity of any conferred thermotolerance is debatable as although a 
similar effect size (1.68) was demonstrated compared to previous studies utilising 
subrnaximal running (1.63) (Morton et at 2006) HSP72 only increased after the second 
experimental trial. This delayed response is likely explained by the small participant 
numbers and varied individual HSP72 responses with three participants increasing 
before HPGHOTnOWN2 and five participants at 48 hrs post HPGHOT OOWN2· This 
coupled with the insensitivity of the western hlotting technique (Paulsen et al. 2007) 
ItS 
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could explain why HSP72 increases were delayed until after the second experimental 
trial. Alternatively Hsp72 mRNA translation to HSP72 could be inhibited as observed in 
vitro when heat and oxidative stress were combined (Adachi et al. 2009). It is difficult 
to extrapolate these findings to in vivo human exercise models because the non 
physiological temperatures (> 40°C) and oxidative stress levels which cells were 
subjected to which are greater than those observed following exercise in humans 
(Adachi et a!. 2009). Indeed, protocols where exercising Trc increases (Magalhaes et al. 
2010) and muscle damage responses (Paulsen et al. 2007) were larger than those 
induced during HPGHOT{x)WNI still observed lISP72 increases. Therefore, it is unlikely 
that increased cellular stress during HPGHOTnowNI inhibited Hsp72 mRNA translation. 
Although, HSP72 elevations occur concurrently within skeletal muscle and other tissues 
involved within the pathophysiology of exertional heat illnesses (brain, heart, liver and 
kidney) (Lee et al. 2006) following passive heat stress. it is unknown whether this also 
occurs following hot downhill running. Therefore, as HSpn ovcrexpression increases 
time to exhaustion within rodent exercise models (Liu et al. 2013), elevated HSP72 
concentrations could prolong exercise performance by maintaining skeletal muscle 
function to an elevated TrI..'O If hot dow-nhill running does not also elevate HSP72 within 
the brain, heart liver and kidney this could inadvertently increase exertional heat illness 
risk. Future work needs to consider these issues to det.ermine whether hot downhill 
running is an ecologically valid method to enhance HSP72 mediated thermotoierance. 
Summary and Conclusions 
The current study suggests an acute trial of hot downhill running (HPGHOTIX:)WNI) 
attenuates the VL and leukocyte l-bp72 mRNA ~md I-lsp90n mRi'4A responses along 
with the exercising Tre and DOMS responses suggesting cellular stress, and therefore. 
exertional heat illness risk maybe reduced. Basal VL HSP72 I..~onc.entrations were not 
elevated until the second experimental trial suggesting an acute tria! of hot downhill 
running cannot confer HSP72 mediated therrnotolcr'dntt. The leukocyte Hsp72 mRNA 
and Hsp90a mRNA responses could be used as :1 surrogate measure of the cellular 
stress response in the VI.. 
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Chapter 7 General discussion and conclusions 
7.1 General discussion 
Numerous situations exist where humans need to rapidly relocation to hot 
environments. The heat loads in these situations decreases work completed and 
predisposes individuals to increased exertional heat illness risk. Inducing HSP72 
mediated thermotolerance and improving heat tolerance by attenuating exercising Tre 
during subsequent occupational or exercise heat stress would be advantageous within 
these situations. Acute interventions to lower exercising Tn: either take too long (heat 
acclimation), lack ecological validity (glycerol hyperhydration, external pre cooling) or 
do not elevate basal HSP72 concentrations. FUlther, the best exercise type to increase 
HSP72 is unclear due to the different exercise protocols, tissues sampled and 
measurement techniques used by various studies. Consequently, this thesis aimed to 
develop an acute preconditioning intervention (condition) \vhich had the potential to 
enhance heat tolerance (decreased exercising 'Ire and HR) and elevate thermotolerance 
(increased basal HSP72). 
Increasing Hsp 72 and Hsp90a mRNl\ respQoscs 
Chapter 4 demonstrated that downhill running and exercise in hot environments induced 
the largest Hsp72 rnRNA and Hsp90a mRNA increases with exercising Tre appearing to 
be the major stimuli for these increases. 'Ibis suggest$ both downhill running and 
exercise in hot environmental conditions ha"c the potential to increase HSP72 and 
HSP90u and thus could enham:e conferred thermot()!erance. Unfortunately, inter­
individual variability of the Hsp72 mRNA respr)Ost..: was increased by the selection of 
two experimental groups (Mahoney et 2(04) and use of an insensitive tissue 
(leukocytes) (Fehrenbach et al. 200 I- Oehler et at 2001) meaning large Hsp72 mRNA 
increases (> 3.0 fold) only occurred following large Tf1t;' increa.-res (39.4 ~ 39.5 °C). This 
prevented the secure conclusion as to whether oo\vnhiU running, exercise in a hot 
environment singularly or a combination of both stresliOrs (i'KJt downhill running) was 
the superior intervention to incre~tse Hsp72. mRNA and Hsp9()a mRNA. 
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Stressors including dehydration (Hillman et al. 201l), high intensity interval training 
(Bartlett et al. 2012), exercise in hypoxia (Lee et a1. 2014) and exercise in a glycogen 
depleted state (Febbraio et al. 2002) activate the HSP response, but were not 
investigated within chapter 4. Exercise within hypoxia and exercise within a glycogen 
depleted state appear to be the stressors with the greatest potential to increase Hsp72 
mRNA because acute exercise heat stress during dehydration (Hillman et al. 2011) and 
acute high intensity interval training (Bartlett ct al. 2012) do not increase HSP72 and 
Hsp72 mRNA further than acute exercise heat stress during euhydration and moderate 
intensity endurance exercise respectively. Therefore. future research should investigate 
the Hsp72 mRNA and Hsp90a mRNA responses following exercise within a hypoxic 
environment, exercise within a glycogen depleted state. exercise heat stress and 
downhill running. A single experimental group should be used to reduce inter­
individual variation in the Hsp mRNA re$ponse (~ahoney et al. 2004) while sampling 
monocytes would increase the sensitivity of the leukocy1e cell population with the most 
sensitive HSP response should be sampled (Fehrenbach et at 200 J ; Oehler et a1. 2001). 
Sampling skeletal muscle biopsies would enable the direct effects of muscle damage on 
the Hsp rnRNA response to be assessed within a valid tissue. Flow Cy10metry should be 
used to measure HSP72 and HSP90u protein concentrations (Bachelet et a!. 1998) to 
determine the acute stressor with the best potential to confer thcnTIotolerance as not all 
Hsp72 mRNA or Hsp90a mRNA incrca~cs \'viU be translated into HSP72 or HSP90a. 
protein (Thompson et a!. 2003; Paulsen et aL ::(01). Careful consideration of \vash out 
periods between experimental trials, sarnpling time c()urses and biopsy techniques are 
required to ensure biopsy induced musck damage docs nt)t affect experimental results. 
Heat tolerance 
Chapter 5 demonstrated a novel finding that hot do\\:ohiH running attenuates exercising 
Tre and DOMS responses to an identical trial c()mpleteti 1 d later. Resting Trc did not 
change suggesting heat dissipation was impro\ed but hcat ~tor"ge capacity did not 
change. Therefore. hot do\vnhiH running is not useful '!!"hen prtJtective equipment is 
worn (chemical warfare, fire fighting) and there is limited fur heat dissipation 
(Latzka et al. 1998). In these situatiol1$ ("jnly intffyentiuns: which l('lwer resting I rt and 
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increase heat storage capacity such as pre cooling, glycerol hyperhydration and 
principally heat acclimation are appropriate. However, within other military and 
occupational situations the exercising Tre reductions induced by hot downhill running 
could potentially be a useful intervention when people need to rapidly relocate to hot 
environments (Garrett et al. 2009; Garrett et al. 2012). Hot downhill running could also 
be useful within athletic situations where heat acclimation would interfere with the 
reduction in training volume during the competition taper (SpiJsbury et al. 2014). 
Hot downhill running reduces exercising Trc reductions by OJ °C during the later stages 
of exercise which is similar to the average Tre reductions (0.2 0c) following external 
and internal prc cooling (Bongers et al. 2014). Hot downhill running appears to have an 
advantage over external (Kay ct al. 1999; Duffield et aL 2010) and internal (Siegel et al. 
2010; Siegel et at. 20 l2) pre cooling protocols because exercising Tre reductions 
occurred at end of exercise when exercising Tre is at its highest and thus exertional heat 
illness risk is greater rather than at the beginning of exercise. Hot downhill running also 
does not require access to large amounts of cold water (800 1) (Kay et al. 1999) or an 
electricity supply to cool the v,ater (for cold water immersion and ice slurry ingestion) 
and hence has a greater ecological validity during disaster emergencies and military 
operations. Thermal stain reductions occur ".lithout the time constraints (only lasts for­
4 hrs) (Riedesel et al. 1987) and potential negative side effects which could reduce 
exercise or work performance of glycerol hyperhydration (Nelson and Robergs 2007). 
Unfortunately, these exercising Tre reductions induced by hot downhill running are 
accompanied by a DO~/rS response which occurs for at least 48 hrs within the present 
experimental design. Further, DOMS increases and force production reductions 
persisted for betv"ccn 3 d (Etheridge ct al. 2008) to 7 d (Eston et al. 1996) during similar 
downhill running protocols. Consequently, both the performance reductions (Marcora 
and Bosio 2007) and thermoregulatory responses (Fortes et al. 2013) induced by DOMS 
and muscle damage nCl!d to be considered before the advantages of hot downhill 
running can be utilised. The muscle damage mediated thermal strain increase (Fortes et 
al. 2013) could incrcasl! c:xerticmal heat illness risk and reduce exercise and 
occupational perfonnaoc(: within the first 24 hrs fo!lowing completion of hot downhill 
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running. However, this is unlikely to be an issue as athletes and workers will require at 
least 24 hrs to organise belongings and travel to the hot environment. Hence during the 
period where muscle damage and DOMS still persist but the pyrogen mediated increase 
in thermal strain has subsided hot downhill running could lower exertional heat illness 
risk and enhance occupational perfonnance. This could be useful within in occupations 
within the oil and gas industry predominantly utilising upper body movement (Knez et 
al. 2014) where muscle damage to the I()wer limbs does not attenuate performance. 
However, recovery of lower body muscle function and thus restoration of whole body 
performance is of most importance within both athletic and occupational situations. 
Perhaps the best case scenario is recovery within 3 d as previously demonstrated 
following a similar 30 min downhill running protocol (Etheridge et al. 2008). Hence hot 
downhill running could have a similar eflcct to 2 d of exercise heat stress as previously 
used (Marshall et a1. 2007; Costa et a!. 2014) with the advantage of minimal time 
requirements so pre travel preparation and travelling can be the primary focus. Further, 
in situations where exercise heat stress could be combined \'lith muscle damaging 
exercise (long military marches in mountainous terrain) pyrogen mediated exercising 
Tre increases could also potentially be attenuated (Armstrong et al. 2007: Fortes et al. 
2013). To substantiate these postulations future research is required to determine the 
optimal time course during which exercising TIl:: is still reduced and muscle damage has 
subsided. To accomplish this measurements ()f DOMS should be accompanied by 
measurement of indirect markers of muscle damage (plasma creatine kinase 
concentrations) and muscle function (i${lkinetic force production of the quadriceps) 
(Nosaka et al. 2002; Paulsen et a1. 2007) following an acute trial of hot downhill 
running every 24 hrs for a 7 d period. Muscle damage could be measured directly from 
muscle biopsy samples using histology and light microscopy (Beaton et ai. 2002). This 
technique is highly invasive and highly variability between biopsy sampling sites 
suggesting a single biopsy is 11()t represcnt3tiYc of damoge induced to the musdeas a 
whole (Beaton et a1. 2002). These limitations require ~ardul consideration within future 
studies if this technique is t() be used to determine the muscle darnage severity. 
120 

If muscle damage does not cease before 3 d as previously demonstrated following 
similar downhill running protocols (Eston et al. 1996), consideration needs to be given 
to adjusting existing exercise heat stress protocols to offer a similar exercising Tre 
reduction following an acute preconditioning trial without the negative effects of muscle 
damage. These options for increasing thermal strain include increasing exercise duration 
(Garden et a!. 1966), exercise intensity (Houmard et al. 1990), increasing environmental 
temperature (Daanen et al. 20 II), and exercising 'within a dehydrated state (Sawka et a1. 
1985). These interventions were previously discounted due to the limited infOlmation 
available on the skeletal muscle HSP72 response suggesting acute exercise heat stress 
did not induce HSP72 increases. Obviously, as an acute hot downhill running trial also 
does not appear to increase VL HSP72 the minor logistical disadvantages are now not 
as serious as a prolonged muscle damage mediated perfonnance reductions. 
If future studies demonstrate that exercising Trt' reductions induced by are accompanied 
by recovery of muscle function within 3 d the physiological mechanisms responsible 
should be investigated to aid future development of hot downhill nmning. This study 
should feature three experimental conditions ((·ontrol. Hot flat and Hot downhill), with 
3 experimental trials within each condition. TIle first trial would be a non damaging 
running based heat stress test the second the experimental intervention (control, hot nat 
or hot downhill) and the third trial an identical heat stress test. At least 8 participants 
should complete testing as per the sample size calculation in chapter 5. All trials would 
be separated by 7 d to ensure the pre test trial has no effect on the heat acclimation 
response (Barnett and Maughan 1993). Sufficien!washl)Ul J1'!riods of at least 14 d 
(Fortes et aJ. 2013) are required between conditions particularly following hot do\vnhilI. 
Using a non damaging flat running proioc{)l (Monon ct a!. 2006) within the pre and post 
intervention heat stress tests would conilml whether a pyrogen response mediated by 
muscle damage had any effect on the exercising Tf~ re~ponse. U)cal sweat rate should 
be measured using ventilated s\\cat cnpsulc5 us detailed previuusty (Patterson et aL 
2014) during all trials. Improvements to the fhreann s\\(,,~at rate are greater during 
exercise heat stress than whole bodY
.. 
sweat rate 
(Marshall et al. 2007) and therefore. c()uld provide a mm,e sensitive measure of 
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sweating adaptations. If enhanced forearm blood flow was to be detennined the heat 
stress tests would need to be cycling based. This would enable the left forearm to be 
kept stable above the height of the heart to determine forearm blood flow via laser 
doppler flowmetry or venous-occlusion plethysmography (Smolander et al. 1991; 
Gonzalez-Alonso et al. 1999; Anderson et al. 2001) using the methods described 
previously. Posture, fluid intake, carbohydrate and protein intake should be standardised 
across participants for 24 hrs following each experimental trial to reduce the varied 
plasma volume response observed in chapter 5 (Mack et al. 1998; Goto et al. 2010). 
Cellular stress response and surrogate Hsp mRNA response 
Results observed within chapter 6 (experimental chapter 3) suggests the Hspn mRNA 
and Hsp90a mRNA responses could be markers of the cellular stress response within 
leukocytes and skeletal muscle. This confirms previous research where the Hspn 
mRNA response was a marker of the cellular stress response within leukocytes 
(Marshall et al. 2007). The observation that Hsp72 mRNA (within skeletal muscle) and 
Hsp90a mRNA responses (within hoth tissues) arc markers of the cellular stress 
response is a novel observation. These results substantiate the measurement of 
leukocyte Hsp72 mRNA and Hsp90o: mRNA responses tor diagnosing thermotolerance 
status (Moran et al. 2006; Marshall et al. 20(7) by confirming the leukocyte response is 
a surrogate for the skeletal muscle Hsp72 mRNAand Hsp90C1. mRNA responses. 
Consequently, this could enable jobs, tasks or training programmes to be allocated 
dependent on individuals thcnnotolerance status minimising exenional heat illness risk. 
Additionally as this diagnostic intlmnation can be obtained without biopsy mediated 
reductions in exercise or occupational perfl:.)mumcc and increased infection risk within 
the biopsy incision. This is importam '\ithin hOt humid environments particular in 
remote locations i.c. mining and industrial facilities in desert regions or disaster 
emergencies where medical facilities may be limited. 
The observation that Grp78 mRNA '\oas upregul3;tcd suggests that hot dOv;'l1hHl running 
within humans induces endoplasmic retituhun s!.n:!i$ and s:ubst.~ucntl) an unfolded 
protein response (Kim et a!. 201l). This buHd~ ufxm pr~viou5 human C'xcrcbc models 
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(Neubauer et al. 2014), in vitro heat shocked human cells (Heldens et al. 2011) and 
rodent exercise models (Wu et aJ. 2011) and could suggest the unfolded protein 
response potentially has a role in adaptation to cellular stress within humans as 
previously observed within rodent exercise models (Wu et al. 2011). This requires 
further investigation to determine its relevance to exercise mediated adaptations in 
humans, especially the acquirement of thermotolerance. 
Although, the leukocyte Hsp72 mRNA and Hsp90a. mRNA responses were similar to 
changes occurring in the Vi,. limitations of the present experimental design need to be 
overcome before this surrogate marker is optimised. Although, Hsp72 mRNA has 
previously been demonstrated as a marker of heat acclimation (Marshall et al. 2007), the 
Hsp90u mRNA reductions demonstrated in chapter 6 could be both exercising Tre and 
DOMS or muscle damage dependent. 'f'hercfon:. the Hsp90o, mRNA response cannot 
yet be stated as marker ofthermotolerance. Using leukocytes as the surrogate tissue also 
has problems because typically heat stress tests used to detemline heat tolerance and 
thermotolerance only induce exercising T!~ increases {~f between 37.5 °e - 38.5 °e 
(Moran et al. 2006; Garrett et a1. 20(9). Within this experimental design. participants 
whose exercising Tre reached bet\\'een 37.5 - 38.5 °e demonstrated an average peak 
Hsp72 mRNA increases of 1.6 ± 0.5 f()ld from basal levels of 1.1 ± 0.2 fold. This could 
make it difficult to differentiate bet\veen thennotolerant and non thermotolerant 
individuals within these situations. lienee cei1 types (lymphocytes a.nd monocytes) 
which have a more sensitive HSP72 response to heat shock (Oehler et a!. 200 I) and 
exercise heat stress (Fehrenbach ct aL 200 I) need to be investigated. 
Concern could also be raised regarding the biops} protocol utilised. To minimise the 
effect of muscle biopsies on the results obsened a prOloeo\ utilising muscle samples 
obtained 3 cm apart was utilised which had been demonslrated tu have no effect on the 
HSP72 response to exercise (Khassaf et al. 20(1), Howe\'cr. the accuracy of the 
responses observed could still be questioned as due to budgetary reasons a control group 
was not selected (Vissing et al. 20()9). This is particularly pertinent as a recent paper 
demonstrated a muscle damage medi~lted tmnscriptiomd rC5pcmse cK:;curred within fine 
needle muscle biopsy samples obulincd :3 em ap£u't (Van Thicnen et al. 2014). 
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Interestingly, Hsp72 mRNA is also induced following biopsy induced muscle damage 
(Vissing et al. 2005) and thus this could be a factor effecting results within chapter 6. 
Consequently, future research needs to utilise a control group to confirm whether biopsy 
induced muscle damage had any effect on the observed VL Hsp72 mRNA and Hsp90a 
mRNA responses. The surrogate Hsp72 mRNA and Hsp90a mRNA responses should 
be measured within monocytes due to the greater sensitivity of the HSP response in this 
tissue compared to leukocytes as a whole (Fehrenbach et al. 200 I:. Oehler et al. 2001). 
The Hsp90a mRNA response also needs to be assessed following acute exercise heat 
stress without the confounding effect of muscle damage induced by downhill running 
(Feasson et al. 2002) to confirm its role as a marker ofthermotolerance. 
As discussed within chapter 6 Grp78 mRNA cannot be used as a marker of the cellular 
stress response within heat intolerant individuals. Therefore, other genes activated by an 
exercise induced unfolded protein response should be measured (McMillan et al. 1998). 
Potential candidate genes are activating transcription factor 3 mRNA and x-box binding 
protein-l mRNA which increased further than Grp78 mRNA during a rodent based 
exercise model (Wu et a1. 20 II). 
HSP72 mediated thermotolerance 
As discussed within chapter 6 elevated HSP72conccntratiuus fullowing the second 
experimental trial (TPGHOTIX)\YN and In)Gfi(rrDI,\~'N~: 157.5 %) v,ere within the range 
(17.7 % - 70 %) previously associated \vith conferl"..::d thermotolerance (McClung ct al. 
2008; Amorim et a1. 2011). However, thc~ studies did not inhibit the function of 
HSP72 (Rowlands et al. 2010). Hence it is unclear \\hether thermotolerance was 
conferred by HSP72 itself. Furthel" a,s HSP72 unly increased following the second 
experimental trial. at face value acute hot dC"\lmhill running is only Llseful for lowering 
thermal strain and cannot confer HSP72 mt.-diated lhemlO1:o!tTSOce, 
However, jf the individual responses an¥..! the llsing \"estern blotting to 
measure HSP72 concentrations arl.: con:,;ider~'d. invt;stig:nion hN dO\\'l1hill 
running may be warranted. Individual th:lt ~ out of 5 individuals 
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had elevated HSP72 concentrations before HPGHOT DO\.\'N2. This is suggestive of peak 
HSP72 concentrations occurring between 48 hrs and 7 d as previous observed following 
exercise in the vastus lateralis when western blotting is utilised (Morton et a1. 2006). 
Given HSP72 responses are delayed and lack sensitivity if western blotting is used 
instead of immunohistochemistry, ELISA or flow cytometry (Bachelet et al. 1998; 
Paulsen et al. 2007; Tupling et al. 2007), experimental artefact and low participant 
number could partially explain the observed results. Another issue with using hot 
downhill running is that conceivably HSP72 increases may only occur within skeletal 
muscle. This could merely increase the exercising 'rrc at which exercise is tenninated 
increasing the risk of damage to other tissues such as the brain, heart, liver and kidney. 
These issues need to be investigated using human and rodent models if hot downhill 
running is to be used as an ecologically valid intervention to confer thermotolerance. 
To determine if the HSP72 response within chapter 6 was dut' to experimental artefact 
and small participant numbers an in l';VO human study should be conducted 
incorporating an independent groups design with three experimental groups: 
1) 	 A control group which only receives the muscle bk)psies to ensure the effects of 
biopsy mediated muscle damage on the HSP72 response are accounted for 
(Vissing et al. 2005; Van Thienen et a1. 2014). 
2) An exercise heat stress (hot flat) group which completes a trial of exercise heat 
stress followed 7 d later by an experimental trial of hot downhill running. 
3) A hot downhill running group which complete two experimental trials of hot 
downhill running separated by 7 d. 
Muscle biopsies along with lyrnphoc)'tcs (.)[ monocytes should be obtn.ined at the time 
points used in chapter 6 with IISP72 concentrations determined via fit)\\' cytometry. 
Lymphocytes or monocytes should also be heat ::;hocked ex to demonstrate 
correlation between HSP72 concentrations and thenm)toicraf'lce conferred as previously 
observed (McClung et aJ. 2008).. Thermotoli.:raol.:c ciln th~n oc assessed rcdu\::tions in 
Hsp72 mRNA expression (Thcodorakb et (Kampinga et 
al. 1995) and cellular apoptosis {\h.)s&l.:'r et al. ! prevent HSP72 
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i mediated protein folding (Rowlands et al. 2010) could be used to test if HSP72 was t responsible for any therrnotolerance conferred during ex vivo heat shock. At least 7 d 
before testing (Barnett and Maughan 1993) commences, participants should complete a 
standardised exercise heat stress test (Moran et al. 2006) to enable experimental groups 
to be matched for thermoregulatory and molecular responses to exercise heat stress. 
If these experimental changes demonstrate that an acute trial of hot downhill running 
elevates basal HSP72 concentrations, a rodent based study should be conducted to 
explore the ecological validity of these increases. This study would sample tissues 
associated with exertional heat stroke pathophysiology (skelet,t1 muscle, brain, heart, 
liver and the kidneys) (Lee et al. 20(6) to detennine the tissues where HSP72 
concentrations increases occur following hot dO\vnhill running. This model has 
limitations such as the divergent skeletal muscle HSP response kinetics to exercise 
observed within rodent (Hernando and r.'1anso 1997) and human models (Morton et aI. 
2006; Paulsen et al. 2007; Tupling ct al. 2007). the greater abundance of sIo\\1 twitch 
fibres in humans compared to rodents (Schiaffino 2(10) and higher mass specific 
metabolic rates within rodents (Randall et a!. 2002). However. given this study is not 
possible within humans this is the most valid m<)del to answer this research question. 
These proposed studies should also investigate the HSP90a and GRP78 protein 
responses as Hsp90a mRNA (Moran et al. 2006) and Grp7& mRNA (Neubauer et aI. 
2014) increased in chapter 6 in agreement with previous research. Any role of HSP901l 
and GRP78 within conferred thennotolerance should be tested vilt inhibitory studies 
conducted within heat shocked ex vivo leukoc>tes. Both HSP9{)u and GRP78 have 
important role in cellular recovery frmn stressor!> in \'itr() via cCiordination of cellular 
signalling, global protein synthesis and lipid symhesis (Duncan 2UOS: Ron and Walter 
2007). Future research within an in vivo human based exercise heat stress model should 
investigate the validity of these markers fhr monitl)ring recovery after acute exercise 
heat stress and thus for allocating workloads within ht'lt acclimation pr()gr.:1.mmes or 
occupational settings. 
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4 7.2 Conclusions t The major conclusions from this thesis are: .~ 
1. Downhill running (DOWNRtJN ) and hot environmental temperatures (HOT) both 
increase Hsp72 mRNA and Hsp90a mRNA further than flat running (FLAT RUN) 
~ and temperate environmental conditions (TEMP) respectively. However, 
"~ 
downhill running in a hot environment (HOT[)()WN) did not induce a greater 
increase in Hsp72 mRNA or Hsp90a mRNA. Consideration of the Hsp72 
mRNA and Hsp90a mRNA response to exercise within hypoxia and during 
glycogen depletion is required to determine the singular intervention which 
maximises the Hsp72 mRNA and Hsp90a mRNA responses and subsequently 
elevates basal HSP72 and HSP90a concentrations, 
2. 	 Hot downhill running reduces exercising Tre by 0.3 cC within an identical 
experimental trial completed 7 d later. The lnechanisms responsible and the 
precise duration at which muscle damage ceases and exercising T re decreases are 
still present are unclear and require elucidation. This would determine whether 
hot downhill running is ecologically valid or whether development of an 
alternative acute intervention is required. 
3. 	 Hot downhill running (TPGliOT!x)wNand BPG! IOT{x)\v\il) increases basal 
HSP72 concentrations. Unfortunately this increase only occurred during the 
second experimental trial in both groups. Therefore. an acute trial of hot 
downhill running cannot yet be used to induce a HSP72 mediated decrease in 
exertional heat illness risk. 
4. 	 Exercising Tre reductions during HP'GIIOT!lOwl\: attenuated the cellular stress 
response (decreased Hsp72 mRNA and Hsp90{1 mRNAI within both the VL and 
leukocytes. The ref<Jre, the Hsp72 mRNA and HspQ()a mR1\A responses have 
potential for use as markers Qfthermotolerance fbllowing further research. 
5. 	 The leukocyte Hsp72 mR,~A and Hsp90a mRNA response may be used as a 
surrogate for the VL Hsp72 mRNA and tisp9{/(!: mRNA responses. With iilrther 
research these responses could be used tn deternlinC' tnt!1Tloh,leronce 
within skeletal muscle to deteoTlinc exertiona! heat risk. 
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Appendices 
Appendix 1 - Participant information sheet (experimental chapters 2 and 3) 
UNIVERSITY OF BEDFORDSHIRE 
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PARTICIPANT INFORMATION SHEET 
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Dr. Paul Castle - 01234 793385 (Office). PauI.Castle@beds.ac.uk 
Dr Lee Taylor - 01234793043 (Office). Lee.taylor@beds.ac.uk 
Professor Mark Lewis. Mark.lewis@beds.ac.uk 
StudY Title 
Response of the Heat shock protein (Hsp) system to manipulation by external physiological 
factors. 
BACKGROUND TO THE PROJECT 
Heat Shock Proteins (HSPs) are a group of proteins produced within the human body which 
help cells withstand stress preventing them being damaged or destroyed. 
Resting HSP concentrations are increased following endurance exercise, exercise induced 
muscle damage (EIMD) and exertional heat stress (EHS). Increased resting Hsp concentrations 
are indicatively linked to an increased ability to tolerate cellular stress induced by future 
stressors such as EIMD, EHS and hypoxia (altitude). 
Previous investigations by the present researchers have shown that combining endurance 
exercise. EIMD and EHS (hot downhill condition) further increases Hsp gene expression 
compared to each stressor in isolation. 
However it is unclear whether this greater increase in gene expression induced by the hot 
downhill condition leads to an elevation of resting HSP concentrations and whether this 
enhances protection against a future exercise induced stressor. 
AIMS & OBJECTIVES 
The aim of the present study is to determine whether the hot downhill condition increases 
resting HSP concentrations and subsequently enhances protection against a second exercise 
induced stressor. 
153 

OUTLINE OF THE STUDY 
l!r2cedures 
The study will require you to visit the laboratory on 5 occasions. You be required to abstain 
from intensive exercise, thermal events (sauna! very hot baths (normal bath/shower temperature 
is fine) for 7 days prior to testing. You will be also required to abstain from caffeine and alcohol 
for 72 hours. You will also be required to replicate a diet of your choice for 72 hours prior to 
each test session. Further you will be required to abstain from antioxidant, creatine, glutamine 
and beta alanine supplementation for 30 days, 4 weeks, 30 days and 15 weeks respectively. 
Finally please ensure you have not resided at altitude or in hot environments at any point in the 
previous 3 months. Please see attached control measures document for further details. 
Prior to the commencement of testing you should complete a medical questionnaire, a physical 
readiness questionnaire (PAR-Q), a blood analysis participant screening form, a biopsy 
screening form and sign an informed consent form to confirm you are physically capable of 
participating and to demonstrate you have read and understood what you are taking part in and 
the reason why. You are free to withdraw from this study at any time without giving reason. 
Baseline Testing 
Prior to commencement of experimental testing you will visit the laboratory on three occasions 
for baseline testing which will include: 
• 	 On the first visit your height and weight will be measured along with your body 
composition via the Bodpod. This session will last between 20-30 min. 
• 	 On the second visit you will be required to complete a graded treadmill test to assess your 
V02max and the speed and V02 at which your lactate threshold occurs during running on a 
flat gradient. This visit will last between 45 min- Ihr15mins. 
• 	 The third visit will involve familiarising yourself with downhill running and to assess the 
velocity at which the lactate threshold occurs when you are running downhill. This visit will 
last between 20-30 min. 
Following baseline testing you will be randomly allocated to either the temperate 
preconditioning group (20°C, 50% relative humidity; RH) or a hot preconditioning group (30°C, 
50% RH). 
Testing overview 
The temperate preconditioning group will complete 2 experimental trials. 
1) 	 During the 1 st trial you will complete the Temperate Flat condition which will consist of 
30 min running (l % gradient) at your lactate threshold (LT) in (20°C, 50% relative 
humidity; RH). 
2) 	 1 week later you will complete the hot downhill condition which will consist of 30 min 
downhill running (-10% gradient) at your lactate threshold (LT) in (30°C, 50% relative 
humidity; RH). 
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The hot preconditioning group will complete 2 experimental trials. 
1) 	 During the first trial you will complete the hot downhill condition which will consist of 
30 min downhill running (-10% gradient) at lactate threshold (LD in (30°C, 50% 
relative humidity; RH). 
2) 	 J week later you will repeat the hot downhill condition. 
Experimental Trial procedures 
• 	 Upon arrival at the laboratory you will then be asked to walk to the toilet and provide a 
urine sample. This urine sample will be used to assess whether you are hydrated. If you 
are dehydrated you will be asked to drink ~250-500ml of water to rehydrate yourself. 
• 	 Then you will be asked to sit on a massage couch where quadriceps tenderness (using 
force gauge demonstrated during research meeting) and perceived muscle soreness (via 
visual analog scale of pain) will be obtained. 
• 	 30 min prior to beginning the experimental trial will be asked to lie on a massage couch 
to have a muscle biopsy obtained from your vastus lateralis muscle under local 
anaesthetic. This will enable the experimenters to determine your basal HSP 
concentrations. A muscle thermocouple will also be inserted through a needle into the 
biopsy hole to determine your resting muscle temperature. 
• 	 During this period a venous blood sample will also be obtained from your lower arm to 
determine basal HSP concentrations within your leukocytes (white blood cells). 
• 	 Next you will be asked to attach a HR monitor to yourself. Then you will be provided 
with a rectal thermometer which you will be required to insert 10cm (marked by white 
tape) into your anus for the measurement of rectal temperature. 
• 	 Once you return to the exercise physiology laboratory a fingertip capillary blood sample 
will be obtained. This will enable the experimenters to measure your resting blood 
lactate and blood glucose concentrations and plasma volume. 
• 	 You will then be taken to the environmental chamber where you will be asked to stand 
on the treadmill and put on a face mask which will then be attached to the Cortex 
Metalyser breath by breath measurement device to continually measure your oxygen 
uptake. 
• 	 You will then complete your experimental trial. 
• 	 Upon completion of the experimental trial a fingertip capillary blood sample will be 
obtained to measure changes in blood lactate and blood glucose and plasma volume that 
occurred during the experimental trial. 
• 	 Once you are comfortable you will proceed to the clinical investigation room where non 
invasive measures of EIMD will be repeated. You will then have a muscle biopsy and 
venous blood sample taken to measure changes in Hsp gene expression and protein 
concentrations. 
• 	 Once the biopsy is completed you will be able to remove your rectal thermometer. 
• 	 3 hours, 24 hours and 48 hours after the experimental trial will be required to return to 
have a further muscle biopsy and venous blood sample to measure changes in Hsp gene 
expression and protein concentrations. Measures of quadriceps tenderness and 
perceived muscle soreness will be repeated at all these timepoints. 
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Potential Benefits 
• 	 The present project will detennine whether the hot downhill experimental condition 
increases resting HSP concentrations and whether this increase enhances tolerance to 
exercise induced stress. 
• 	 If successful this will reduce the number of exercise sessions required to increase basal 
HSP concentrations. 
• 	 Situations where this could prove advantageous include preparation for altitude training. 
period of increased training intensity/volume and prior to exercise in the heat where 
reduced period of acclimation would be required. 
Potential Risks 
• 	 During the muscle biopsy and venous blood sample there is a slight risk of infection and 
you may experience a degree of discomfort. 
• 	 However the risk of infection will be kept to a minimum by all sampling taking place in 
a designated clinical investigation suite and being perfonned using sterile techniques. 
• 	 The level of discomfort will be minimised during blood sampling through the use of an 
experienced phlebotomist (person who takes blood samples) and during the muscle 
biopsy by the use ofa trained orthopaedic surgeon. 
• 	 For further details regarding the potentials risks during muscle biopsy please see 
attached UOB biopsy infonnation sheet. 
• 	 There is also a very small risk of anaphylactic shock during insertion of rectal 
thermometer. To minimise this risk the rectal thennometer will be inserted within the 
disabled toilet (to reduce the risk of you hitting your head if you fall) while the 
researcher or research assistant will be present outside the toilet to provide assistance. 
• 	 Finally exercise at the lactate threshold during heat stress may cause a degree of 
discomfort. However this will be minimised by ensuring you are of an appropriate level 
of fitness, are thoroughly familiarised with exercise in the heat and through continuous 
observation during testing by the researchers to ensure you do not overexert yourself. 
Confidentially 
• 	 All data collected will be kept in a locked filling cabinet and on a PC and will remain 
confidential. You will remain anonymous in any presentation of data and publication of 
findings. You (Participants) will be able to obtain results upon publication of the 
findings. 
-
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Appendix 2: Pre-Exercise Health Questionnaire 
Sport & Exercise Science Laboratories 
', Universityo1 Polhill Avenue ,,
, BedfordshirE 
Bedford MK41 9EA 
PRE-TEST MEDICAL QUESTIONNAIRE 
To be completed by all subjects before participating in practical sessions. 
Name: ......................................................... . 
Age: .............. . Gender: M / F 
1 Are you in good health? Yes / No 
lfno, please explain: 
2 Are you pregnant or have you given birth in the last 6 months? Yes / No 
3 How would you describe your present level ofmoderate activity? 
< once per month once per month 2-3 times per week 
4-5 times per week > 5 times per week 
4 Have you suffered from a serious illness or accident? Yes / No 
If yes, please give particulars: 
5 Are you recovering from an illness or operation? Yes / No 
If yes, please give particulars: 
6 Do you suffer, or have you ever suffered from: 
Respiratory conditions (asthma, bronchitis, tuberculosis, other)? Yes / No 
Diabetes? Yes / No 
Epilepsy? Yes / No 
High blood pressure? Yes / No 
Heart conditions or circulation problems: 
(angina, high blood pressure, varicose vein, aneurysm, embolism, heart attack, other)? 
Do you have chest pains at any time? Yes / No 
Do you suffer from faintinglblackouts/dizziness? Yes / No 
Is there any history of heart disease in your family? Yes / No 
7 Are you currently taking medication? Yes No 
If yes, please give particulars: 
8 Are you currently attending your GP for any condition or have you consulted your 
doctor in the last three months? Ifyes, please give particulars: Yes / No 
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9 Have you had to consult your doctor, or had hospital treatment within the last six 
months? Yes / No 
10 Have you, or are you presently taking part in any other laboratory experiment? 
Yes / No 
PLEASE READ THE FOLLOWING CAREFULLY 
Persons will be considered unfit to do the experimental exercise task if they: 
have a fever, suffer from fainting spells or dizziness; 
have suspended training due to a joint or muscle injury; 

have a known history of medical disorders, i.e. high blood pressure, heart or 

lung disease; 

have had hyperlhypothermia, heat exhaustion, or any other heat or cold disorder; 

have anaphylactic shock symptoms to needles, probes or other medical-type 

equipment. 

have chronic or acute symptoms of gastrointestinal bacterial infections (e.g. 

Dysentery, Salmonella) 
have a history of infectious diseases (e.g. HIV, Hepatitis B); and, if appropriate 
to the study design, have a known history of rectal bleeding, anal fissures, 
haemorrhoids, or any other condition of the rectum; 
DECLARATION 
I hereby volunteer to be a subject in experiments/investigations during the period of 

20 

My replies to the above questions are correct to the best of my belief and I understand 

that they will be treated with the strictest confidence. The experimenter has explained to 

my satisfaction the purpose of the experiment and possible risks involved. 

I understand that I may withdraw from the experiment at any time and that I am under 

no obligation to give reasons for withdrawal or to attend again for experimentation. 

Furthennore, if I am a student, I am aware that taking part or not taking part in this 

experiment, will neither be detrimental to, nor further my position as a student. 

I undertake to obey the laboratory/study regulations and the instructions of the 

experimenter regarding safety, subject only to my right to withdraw declared above. 

Name of subject (please print) 

Signature of Subject Date: 
----­
Name of Experimenter (please 
print)___________________ 
Signature of Experimenter Date: 
----­
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9 Have you had to consult your doctor, or had hospital treatment within the last six 
months? Yes / No 
10 Have you, or are you presently taking part in any other laboratory experiment? 
Yes / No 
PLEASE READ THE FOLLOWING CAREFULLY 
Persons will be considered unfit to do the experimental exercise task ifthey: 
have a fever, suffer from fainting spells or dizziness; 
have suspended training due to ajoint or muscle injury; 

have a known history of medical disorders, i.e. high blood pressure, heart or 

lung disease; 

have had hyperlhypothermia, heat exhaustion, or any other heat or cold disorder; 

have anaphylactic shock symptoms to needles, probes or other medical-type 

equipment. 

have chronic or acute symptoms of gastrointestinal bacterial infections (e.g. 

Dysentery, Salmonella) 
have a history of infectious diseases (e.g. HIV, Hepatitis B); and, if appropriate 
to the study design, have a known history of rectal bleeding, anal fissures, 
haemorrhoids, or any other condition of the rectum; 
DECLARATION 
I hereby volunteer to be a subject in experiments/investigations during the period of 

20 

My replies to the above questions are correct to the best of my belief and I understand 

that they will be treated with the strictest confidence. The experimenter has explained to 

my satisfaction the purpose of the experiment and possible risks involved. 

I understand that I may withdraw from the experiment at any time and that I am under 

no obligation to give reasons for withdrawal or to attend again for experimentation. 

Furthermore, if I am a student, I am aware that taking part or not taking part in this 

experiment, will neither be detrimental to, nor further my position as a student. 

I undertake to obey the laboratory/study regulations and the instructions of the 

experimenter regarding safety, subject only to my right to withdraw declared above. 

Name of subject (please print) 

Signature of Subject Date: _____ 

Name of Experimenter (please 

print)___________________ 

Signature of Experimenter Date: _____ 
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Appendix 4 BLOOD ANAL YSIS - Participant Screening Form 
Please read the following: 
a. Are you suffering from any known active, serious infection? 
b. Have you had jaundice within the previous year? 
c. Have you ever had any form of hepatitis? 
d. Have you any reason to think you may be HIV positive? 
e. Have you ever been involved in intravenous drug use? 
f. Are you a haemophiliac? 
g. Is there any other reason you are aware ofwhy taking blood might be 

hazardous to your health? 

h. Is there any other reason you are aware of why taking your blood might be 
hazardous to the health of the technician? 
Can you answer Yes to any of questions a-g? Please tick your response in the box below: 
Yes NoD D 
Small samples of your blood (from finger or earlobe) will be taken in the manner outlined to 
you by the qualified laboratory technician. All relevant safety procedures will be strictly 
adhered to during all testing procedures (as specified in the Risk Assessment document 
available for inspection in the laboratory). 
I declare that this information is correct, and is for the sole purpose of giving the 
tester guidance as to my suitability for the test. 
Name ............................................ . 

Signed ............................................ . 

Date 
If there is any change in the circumstances outlined above, it is your responsibility to tell the 
person administering the test immediately. 
The completed Medical Questionnaire (Par Q) and this Blood Sampling Form will be held in a 
locked filing cabinet in the Department of Sport and Exercise Science laboratories at the 
University for a period of one-three years. After that time all documentation will be destroyed 
by shredding. 
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Appendix 5 - University of Bedfordshire biopsy infonnation sheet 
University of 

Bedfordshire 

University of Bedfordshire 

Muscle Biopsy Information Sheet 

The muscle biopsy technique is a commonly employed technique within the exercise sciences. 
It is usually employed in studies that are examining the structure, metabolic and cellular state of 
a muscle in response to acute and chronic bouts of exercise. The following information is 
designed to inform all individuals interested in participating in a muscle biopsy study ofthe 
specific procedures and their associated risks and discomfort. Muscle biopsies are always 
carried out by fully qualified and experienced medical doctors. 
The procedure of a muscle biopsy and possible associated discomfort 
The muscle biopsy involves the removal of a small piece of muscle tissue from one of the 
muscles in your leg using a sterile hollow needle. The area over the outside of your thigh 
muscle will be carefully cleaned. A small amount oflocal freezing (anaesthetic) will be injected 
into and under the skin. You will likely experience a burning sensation while the freezing is 
injected. Then a small, 4 - 5 mm incision will be made in your skin in order to create an 
opening for the biopsy needle. There is often a small amount of bleeding from the incision, but 
this is usually minimal. The biopsy needle will then be inserted through the incision into the 
vastus lateralis muscle and a small piece of muscle (l0 - 30 mg) will be quickly removed and 
the needle taken out. This will be repeated 3-4 times during each biopsy. During the time that 
the sample is being taken (about 5 seconds), you may feel the sensation of deep pressure in the 
muscle and on some occasions this is moderately painful. However, the discomfort very quickly 
passes and you are quite capable of performing exercise and daily activities. There may be some 
minimal bleeding when the needle is removed which may require application of pressure for a 
few minutes. Following the biopsy, the incision will be closed with sterile tape (steri-strips), and 
wrapped with a tensor bandage. Once the freezing wears off, your leg may feel tight and often 
there is the sensation of a deep bruise. 
What to do following a muscle biopsy 
After the procedure, you may feel some mild discomfort and possibly see some bruising. This 
often feels like the sensation of a 'dead leg' and your leg may feel discomfort when walking 
down the stairs etc. This is perfectly normal and should not cause you any undue concern. The 
tightness in the muscle usually disappears within 2 days. Seven to ten days after the biopsy you 
will be asked to visit the doctor who performed the biopsy at the Department of Sport and 
hE:xerds~ ScEell1~es for a formal assessment of how the biopsy site is healing. 
Potential risks associated with muscle biopsies 
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The local freezing will likely result in a burning feeling in the muscle at the time of the 
injection. This will last only 5 - 10 seconds. There is an extremely low risk of allergic reaction 
to the local injection (l in 1 million). The chance of a local skin infection is less than 1 in 1000. 
Carefully cleaning the skin and keeping the area clean until the skin heals will minimize this. 
Most subjects experience local soreness and stiffness in the leg for two or three days after the 
biopsy similar to a deep bruise. There is a very low risk of internal bleeding at the biopsy site 
which can result in more prolonged pain and stiffness in the leg. On occasions, a small lump of 
scar tissue may form under the site of the incision, but this normally disappears within 2-3 
months, or within a few weeks if massaged. A small visible scar often remains from the biopsy 
incision. There is the possibility of a small area of numbness (about the size of a two pence) 
around the biopsy site. This usually resolves over 5 - 6 months. There is a very low risk 
(estimated at less than 1 in 5000) of damage to a small nerve branch to the muscle. This would 
result in partial weakness of the muscle and would likely have no impact on day-to-day 
activities. Nerve injuries like this usually resolve in 8 - 12 months, but there is a theoretical risk 
of mild leg weakness. 
Problems or concerns 
Infection can be serious and if you therefore experience a lot of bleeding from the biopsy site, 
swelling or infection around the biopsy site, faintness, light headedness, heart pain, chest pain or 
increasing pain in your leg which is not relieved by Paracetamol, you must contact the doctor 
who did the biopsy right away. However, if for some reason, you are not able to contact this 
physician then you should contact your family doctor or go to the Accident and Emergency 
Department. 
Thank you for taking time to read the Muscle Biopsy Information Sheet. Ifyou are interested in 
participating in a Muscle Biopsy Study could you please complete the Muscle Biopsy 
preliminary screening questionnaire (to ensure you are eligible to participate) and sign the 
associated Research Study consent form. 
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Appendix 6 - University of Bedfordshire biopsy screening form 
MUSCLE BIOPSY SUBJECT SCREENING FORM 
Muscle, Cellular & Molecular Physiology Research Group 

University ofBedfordshire, Bedford Campus, 

Polhill Ave, Bedford 

MK419EA 

01234 793004 

To help us ensure your safety and well-being please answer the following questions. 
1. 	 Have you ever had a negative or allergic reaction to local freezing (e.g. during dental 
procedures)? 
NoD Yes 0 
2. 	 Do you have any tendency toward easy bleeding or bruising (e.g. with minor cuts or 
shaving)? 
NoD Yes 0 
3. 	 Are you currently taking any medication? 
NoD Yes 0 
4. Have you ever fainted or do you have a tendency to faint when undergoing or watching 
medical procedures? 
NoD Yes 0 
5. Will you contact the physician who did the biopsy directly if you have any concerns about 
the biopsy site including: excessive redness, swelling, infection, pain or stiffness of the leg? 
NoD Yes 0 
6. Are you willing to visit the physician who did the biopsy 7 - 10 days following the biopsy for 
an assessment of the biopsy site? 
NoD Yes iJ 
Subject Name (print) :_______________ 
Subject Signature :, _________________ 
Date :.________ 
Signature of Person Conducting Assessment: ___________ 
163 

Appendix 7 - Participant consent form (experimental chapters 2 and 3). 
Response of the Heat shock protein CHsp) system to manipulation by external physiological 
factors. 
• 	 I agree to take part in this research which is to investigate the effect of preconditioning via 
downhill running in the heat on the subsequent stress response to a 2nd exercise induced 
stressor. 
• 	 The experimenter has explained to my satisfaction the purpose of the experiment and 
possible risks involved. 
• 	 I have had the principles and procedures of the research explained to me and I have also 
read the study information sheet and University of Bedfordshire biopsy information sheet. I 
fully understand the principles and procedures. 
• 	 I am aware I will be required to: 
Provide a urine sample prior to each testing session to assess whether I'm hydrated. 
Insert a flexible rectal thermometer 10 cm into my anus to measure core temperature during 
exercise. 
Run submaximally on the flat and downhill in a neutral or hot and humid environment. 
Have fingertip blood samples obtained to measure, blood lactate, blood glucose, 
haematocrit and haemoglobin concentrations. 
Have 10 venous blood samples taken from my arm to enable the experimenter to measure 
HSP gene and protein expression within leukocytes (white blood cells) and to obtain serum 
to measure serum osmolarity. 
Have skin temperature non invasively measured via thermocouples taped to the skin surface 
continuously during exercise. 
Have 10 muscle biopsies (3-4 passes per biopsy) taken to obtain a small portion of muscle 
tissue under local anaesthetic to ascertain the effect of each intervention on HSP gene and 
protein expression. 
Have 2 small incisions (per experimental trial) in my thigh and have a temperature 
thermocouple inserted to measure muscle temperature during exercise. 
• 	 I understand that any confidential information will be seen only by the researchers and will 
not be revealed to anyone else. 
• 	 I understand I am free to withdraw from the investigation at any time, without needing to 
provide a reason. 
NAME (please print) ............................................................................. .. 
Signed............................................................................................... . 
Date................................................................................................. .. 
Witnessed by experimenter (please print) ...................................................... .. 

Signed ........................ '" .................................................................... . 

Date .................................................................................................. .. 
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